Amorphous Carbon Coating Systems for Pressurised

Water Reactor Tribological Applications by Cooper, Jack
 Amorphous Carbon Coating Systems for Pressurised 
Water Reactor Tribological Applications 
Student: Jack L. Cooper 
Academic Supervisors: Adrian Leyland & Allan Matthews  
Industrial Supervisor: David Stewart 
Nuclear Engineering Doctorate  
Department of Materials Science and Engineering, University of Sheffield 
Submission Date: August 2018
II 
 
Abstract 
Pressurised water reactors provide a very challenging environment for material 
selection, especially when components also have tribological applications. The high 
temperature and pressure of the water can cause premature failures due to corrosion and 
degradation of material properties, with costly consequences. 
This Engineering Doctorate investigated the suitability of hard, wear resistant 
amorphous carbon coatings as one possible solution for Rolls-Royce to help meet the 
current demands of the nuclear industry to increase the lifetime, safety and reliability of 
components in PWR power systems, as long as the coatings can survive exposure to the 
extreme environment involved.  
The first aim of the project was to examine the effect of high-temperature high-pressure 
water on the hydrothermal stability of commercial and lab-deposited amorphous carbon 
coatings. Four types of amorphous carbon coatings of particular interest were selected 
and exposed to high temperature water in pressure vessels then characterised to help 
understand their thermal and chemical stability and degradation behaviour.  
The second aim of the EngD was to understand the effect of coating composition and 
architecture on the performance in high-temperature high-pressure water. Coatings were 
analysed in detail after hydrothermal exposure to determine possible failure modes and 
select promising coating features for future investigations.   
At relatively low temperatures below 240°C it was found that all the studied coatings 
survived with little change in their coating properties.  When the autoclave temperature 
was increased to 280°C however, hydrogen-containing diamond-like amorphous carbon 
coatings in particular suffered severe spallation, whereas hydrogen-free, graphite-like 
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amorphous carbon coatings remained intact, with most showing little change in their 
film properties. Following the characterisation, several material degradation 
mechanisms were discussed as the possible cause the observed film spallation, based on 
the observed changes. 
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Chapter 1: Introduction and background 
1.1 Introduction 
This Engineering Doctorate was a collaborative project between Rolls-Royce and the 
University of Sheffield. The project aimed to help gain fundamental understanding and 
resolve several issues relating to the use of amorphous carbon coatings in pressurised 
water reactor systems. 
Amorphous carbon coatings have the potential to help solve some of the tribological 
issues Rolls-Royce would like to address in their pressurised water reactors. By varying 
chemical composition and deposition techniques it is possible to attain various desirable 
tribological properties. This Engineering Doctorate project aims to build upon existing 
knowledge of amorphous carbon coatings and also to gain a fundamental understanding 
of specific coatings in demanding PWR environments. 
As one of the eventual applications is in the propulsion of nuclear submarines it was 
important for Rolls-Royce to source commercial coatings from companies with robust 
supply chains available in the United Kingdom. If a coating was found during this 
analysis that satisfied the desired performance in autoclave conditions it could provide 
useful knowledge when developing an optimised coating system for PWR applications. 
The following chapter examines the industrial background and drivers for the 
Engineering Doctorate project. It will first give a brief overview of the nuclear fission 
reactor system and the typical conditions found in pressurised water reactors. It will 
then look at some of the materials used and tribological challenges posed by designing 
and operating a nuclear reactor. Finally the market position of Rolls-Royce will be 
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briefly analysed to help understand why the work in this nuclear Engineering Doctorate 
should be undertaken. 
  
3 
 
1.2 Project aims and objectives 
Project Aims 
The aims of this project were as follows:  
(i) To investigate the hydrothermal stability limits of two commercially available and 
two lab-deposited amorphous carbon coatings when exposed to high-temperature high-
pressure water in order to assess their suitability for use in pressurised water reactors.  
The commercial coatings previously identified for investigation by Rolls-Royce were a 
diamond-like hydrogenated amorphous carbon coating and a graphite-like non-
hydrogenated amorphous carbon coating.  
Based on the knowledge of the graphite-like coating the two lab-deposited films were of 
a similar architecture but with differing metal dopants and interlayers to investigate their 
effect on the hydrothermal performance. 
Chapter 3 of the thesis is focused on this investigation into the hydrothermal stability of 
amorphous carbon coatings in high-temperature high-pressure water. 
(ii) To gain an understanding of the composition, structure, and features of the 
commercial and lab-deposited amorphous carbon coatings before and after exposure to 
high-temperature high-pressure water to determine their effect on coating performance 
and possible degradation mechanisms.  
Chapter 4 records this study into the effect of different amorphous carbon coating 
properties on performance and failure in high-temperature high-pressure water.  
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Project Objectives 
In order to investigate the thermal stability of amorphous carbon films in high-
temperature high-pressure water, the commercial diamond-like and graphite-like 
amorphous carbon coatings were first exposed to deionised water in a Parr bomb 
pressure vessel at 240°C for periods of 24 hours and 7 days. The objective of these 
initial experiments was to quickly determine the whether the coatings showed signs of 
film delamination when observed by optical microscopy before and after exposure to 
determine their performance in lower bound pressurised water reactor temperatures. The 
methods used are outlined in Section 2.4.1 and the results are shown in Section 3.2 of 
the thesis. 
The amorphous carbon coatings identified in the aims of this EngD were chosen to help 
answer the unresolved questions Rolls-Royce had about the effect of changing 
composition, structure, and deposition parameters on the relative hydrothermal 
performance of the coatings. 
Coating Type A had been previously investigated for possible use in pressurised water 
reactors by Roll-Royce but had performed poorly at higher autoclave temperatures. 
There was a desire for further understanding of the material degradation mechanism in 
the diamond-like hydrogenated commercial amorphous carbon coating to determine 
what was causing the observed material failures. Further information on the different 
coatings is detailed in Section 2.2 of the thesis. 
Coating Type B was a graphite-like non-hydrogenated amorphous carbon coating also 
chosen for further experimentation as it performed well in the previous studies 
conducted by Rolls-Royce but knowledge of its structure and composition were limited. 
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During this EngD study, the knowledge gained about the promising Coating Type B 
was then used to deposit Coating Type C with a similar composition and structure to 
perform experiments comparing the effect of changing interlayers and dopant materials. 
Coating Type D had the same deposition method as Coating Type C but the interlayer 
and doping material was changed from chromium to titanium to investigate the effect on 
coating performance during autoclave exposure. 
To further investigate the limits of the commercial coatings and compare them with the 
lab-deposited amorphous carbon films all of the coating types were exposed to high-
temperature high-pressure deionised water at 280°C for 7 days in an autoclave pressure 
vessel, as detailed in Section 2.4.2. Once again the coatings were examined using 
optical microscopy in Section 3.3 before and after the exposure to compare and identify 
any signs of degradation for later in-depth analysis.  
All four of the exposed coating types were then characterised using scratch adhesion 
testing method outlined in Section 2.4.3 to determine whether the adhesion of the as-
received coatings was sufficient enough to show that it was a mechanism associated 
with the exposure to high-temperature high-pressure water was causing film spallation, 
not just fundamentally poor coating adhesion. The results of this investigation are 
recorded in Section 3.4.  
To assess the hydrothermal stability of all the coating types nanoindentation was used to 
measure hardness changes in the amorphous carbon films as shown in experimental 
methods Section 2.4.4. Reductions in hardness shown in results Section 3.5 have 
previously been linked to the graphitisation of amorphous carbon film with increasing 
temperature, with large decreases in hardness often linked to eventual coating failure in 
the previous Rolls-Royce studies [1].  
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Raman spectroscopy was then used as outlined in Section 2.4.5 to detect any changes in 
the amorphous carbon film structure by deconvolution of the peak data and then 
comparing differences in characteristic peak positions before and after pressure vessel 
exposure as the carbon bonding graphitises with temperature. Changes in peak position 
recorded in Section 3.6 could then be compared with the nanoindentation and optical 
microscopy to determine the effect of carbon bonding stability on coating failure after 
exposure to high-temperature high-pressure water.  
In order to gain a fundamental understanding of the spallation mechanism in the 
commercial diamond-like carbon coating a sample was compared before and after 
exposure to high temperature and pressure water in an autoclave for 7 days. This sample 
was then compared with a sample from a previous Rolls-Royce investigation where the 
coating type had been exposed to high temperature water between 240˚C and over 
300˚C in an autoclave environment for 2 years.  
The characterisation of the coating degradation was conducted by scanning electron 
microscopy in Section 4.2 and transmission electron microscopy of a cross-section of 
the spalled area in Section 4.3 combined with energy-dispersive x-ray spectroscopy and 
electron energy loss spectroscopy of the changes observed in the distinct layers of the 
coating caused by degradation. The objective of characterising the autoclave exposed 
coatings was to obtain evidence to determine which of several possible degradation 
mechanisms was most likely to be causing the observed coating failure.    
The structure and composition of the previously down-selected graphite-like non-
hydrogenated commercial coating in Section 4.3.4 was also compared with the similar 
laboratory deposited chromium doped graphite-like amorphous carbon coating in 
Section 4.3.5 by using the transmission electron microscope to identify favourable 
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structures and compositions for possible further investigation or development. Reasons 
for their promising performance in autoclave conditions were then discussed by 
comparing coating features seen during microscopy and the Raman and nanoindentation 
data from as-received and from autoclaved samples. 
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1.3 Background to industrial problem 
1.3.1 Nuclear fission reactors 
Nuclear reactors are power systems used to create energy through the control of a 
sustained nuclear reaction. The process of nuclear fission involves the use of radioactive 
material to bombard and split atomic nuclei to create lighter atoms in a self-sustaining 
exothermic chain reaction [2]. This process produces large amounts of kinetic energy 
and electromagnetic radiation which are used to heat a working fluid, often water, 
helium or molten salts [3]. This then drives a heat engine which can be used to produce 
power for electricity or propulsion [4]. 
Nuclear power can be a very divisive technology. Proponents emphasize the safety and 
reliability, high energy density, and low CO2 emissions associated with modern reactor 
designs [5] [6] [7] . Opponents often cite high capital costs, nuclear weapon 
proliferation concerns, past containment incidents, and safe disposal of irradiated waste 
as the main issues facing nuclear power [8] [9] [10] [11]. 
There have been significant changes in the nuclear power industry in the course of this 
EngD. As a result of the incident at the Fukushima Daiichi BWR plant in 2011 the 
safety of nuclear reactors following natural disasters was brought into question, with 
Japan subsequently shutting down most of its reactors [12]. As a consequence of the 
incident, Germany has also planned to speed up shut down all of its existing reactors by 
2022 [13]. There have also been concerns with the commissioning of new builds as 
Westinghouse and Areva have experienced major financial and logistical issues with 
their new plants and reactors [14] [15]. 
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There are therefore several internal and external risks involved with developing and 
operating nuclear technology as various risk factors have the potential to affect the 
demand for nuclear products and services internationally [16].   
A major motivation in the nuclear industry is to provide life-time extensions to existing 
reactors [17].  This is due to the capital investment and risk associated with building a 
new reactor outweighing the continued operating costs of an existing reactor. As un-
mitigated wear and corrosion eventually lead to component failure the degradation of 
material properties in reactors limits the length of time they can run safely and 
productively without costly repairs and maintenance [18]. One way of effectively 
increasing the life-time of nuclear plant could be with the use of coatings to improve the 
tribological performance of key components within the reactor. Protective coatings 
applied to surfaces in new or existing reactor systems could help to reduce the 
degradation of the underlying material and extend the safe operational life-time of the 
nuclear plant.  The potential for amorphous carbon coatings to extend reactor life-time 
is explored and discussed in this thesis.   
1.3.2 Pressurised water reactor power systems 
PWRs are light water reactors consisting of two loops of pressurised, high temperature 
water as shown in the schematic diagram in Figure 1.1 [19]. The primary loop on the 
left in the figure contains the reactor pressure vessel and fuel core where the 
temperature of the water is increased by the radiation emanating from the radioactive 
elements in the fuel rods. There is then a transfer of energy from the primary loop 
through a heat exchanger to the separate secondary loop, which is then used to power 
turbines. Typical pressures and temperatures across the reactor range from around 
290°C to 330°C and pressures typically between 6 and 16MPa at different points around 
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the system [20]. Unlike boiling water reactors the PWR uses a pressuriser to maintain 
pressure in the primary water circuit to prevent it from boiling [21]. 
A major advantage of nuclear power comes from the energy density of the fuel [22]. 
This is of particular significance to the propulsion of naval vessels as refuelling costs 
time and money and most fossil fuels take up more weight and space than their nuclear 
equivalents [23]. In the current political environment nuclear non-proliferation has 
limited the usage of nuclear reactors to naval defence vessels like submarines and 
aircraft carriers and also land-based commercial reactors.  
Figure 1.1 A schematic diagram of a pressurised water reactor [19]. 
11 
 
1.3.3 Pressurised water reactor chemistry  
Chemistry of the reactor water is very important to the operation of the PWR because it 
allows the operators to control the radioactivity levels and conditions suitable for 
reduced corrosion of reactor materials. The water conditions in the PWR primary loop 
are typically fully deaerated with boric acid and lithium hydroxide in solution [24]. The 
additives act to maintain and control the subcritical operation of the nuclear reaction 
(boric acid) and to control the pH (lithia). Throughout the reactor the minimisation of 
any contaminants is highly desirable as they can cause component failure or become 
irradiated. The water in the secondary loop also uses chemical additives to help reduce 
corrosion and prevent loss of material performance through degradation mechanisms 
[25].   
As amorphous carbon coatings have good chemical inertness in many applications they 
could be useful in the protection of component materials as they reduce the impurities 
and corrosion issues associated with some plating techniques.  
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1.3.4 Nuclear materials and tribology 
Pressurised water reactors use a varied toolbox of materials to perform different 
functions in the plant. Stainless steel alloys make up the bulk of the materials used in 
the design of a typical PWR, however a variety of other materials are also used 
throughout the reactor to improve the performance of different components. 
Stainless steel alloys contain a minimum of 10.5wt% chromium and can provide 
components with many useful properties including corrosion resistance, toughness, 
ductility, strength, and work hardenability. Stainless steels are used frequently in PWR 
environments as their mechanical properties reduce the need to maintain or replace 
components as often during the lifetime of the plant [26].  
The use of alloys containing high levels of cobalt are a problem in nuclear reactor 
engineering as synthesis of the radionuclide cobalt-60 leads to particularly active and 
harmful waste [27]. Materials that have the potential to release anions like chlorides, 
fluorides and sulphides should also be avoided as they are associated with the stress 
corrosion and environmentally assisted cracking of stainless steels and other plant 
materials [28]. This means alternative surface engineering materials like 
polytetrafluoroethylene (PTFE) and molybdenum disulphide are not suitable for 
application in PWR environments despite possessing potentially useful tribological 
properties. There are also concerns over the environmental impact of chromium plating 
as hexavalent chromium (Cr(VI)) is highly genotoxic if released into the environment at 
any stage of the engineering process [29].  
Zirconium and its alloys are also materials frequently used in the reactor, often to clad 
the fuel rods. They are useful for application in a pressurised water reactor as they have 
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good corrosion and thermal properties, as well as a low neutron cross section [30]. 
However they can sometimes be susceptible to hydrogen embrittlement and corrosion 
mechanisms related to the water chemistry of the reactor. In order to help reduce the 
effect of these degradation mechanisms some nuclear plant operators have used dense 
amorphous carbon films deposited on the surface of the cladding to provide a protective 
corrosion resistant layer that also has favourable tribological properties [31]. 
A major problem with PWR tribology is that oil based lubricants cannot be employed 
due to difficulties in their maintenance and usage in a pressurised, high temperature 
water flow [32]. Some amorphous coatings could therefore be a suitable option for 
coating components within the reactor as their self-lubricating properties allow wear 
resistance and low friction with very little contamination when compared to some other 
plating and thermal sprayed coatings.  
Stopping a commercial reactor for maintenance is usually very costly as no power is 
produced during this time and extra levels of hazard protection must be employed when 
working with radioactively contaminated materials. Maintenance of submarine reactors 
involves additional problems as they must be brought into a dry dock and carefully 
dismantled, reducing the defensive capabilities available to the naval force. Increasing 
the lifetime of components through careful material selection could also lead to lower 
levels of irradiated waste due to fewer replacements during service. This also means less 
cost involved with decommissioning the nuclear reactors at the end of their lifecycle.  
High purity nuclear graphite has also been used extensively in the history of nuclear 
reactors as both a moderator and reflector. Research into the effect of radiation on 
nuclear grade graphite may give some insight into the long-term behaviour of in-situ 
amorphous carbon coatings with graphite-like properties [33].  
14 
 
1.3.5 Rolls-Royce PLC 
The company associated with this nuclear Engineering Doctorate project is Rolls-
Royce. The business has divisions in civil and defence aerospace, energy, marine and 
nuclear providing integrated power systems and services. Capabilities include providing 
products and services to the naval nuclear reactor and civil sectors, as well as providing 
support services to land-based civil nuclear power generation both in the UK and 
around the world. The company provides components and engineering systems and 
support services for both existing and planned reactor builds, as well as providing small 
nuclear submarine reactors to the UK Royal Navy.  
The United Kingdom’s fleet of Astute-class nuclear submarines are powered by the 
Rolls-Royce PWR2 design. With the renewal of the Trident program the PWR3 plant, 
an improvement on the PWR2 design will be used to power the fleet of Successor-class 
submarines [34].  Being able to source components and services from within the UK is 
very important to national security as the supply chain for building nuclear power 
systems needs to be available independently. Small modular reactors are also of 
commercial interest to Rolls-Royce as the experience gained from working with naval 
reactors has potential for industrial power generation in other sectors [35] [36].  With 
increasing concerns about the environmental impact of greenhouse gas emissions and 
energy security associated with fossil fuels, nuclear power has the potential to reduce 
the impact of an energy gap when adapting to a more sustainable mixture of power 
generation in the UK [37]. 
Previous work by Rolls-Royce and The University of Sheffield has included the study 
of commercial amorphous carbon coatings when exposed to high temperature water in 
autoclaves. This work was conducted to assist the pressurised water reactor designers 
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and servicers at Rolls-Royce with suitable amorphous carbon coating options to be 
applied in situations where low friction and wear were desirable in the high-temperature 
high-pressure water. Rolls-Royce approached the University of Sheffield with the aim 
of gaining a further fundamental understanding of these coatings and also to work 
towards an optimised coating system for PWR applications. The coating should have 
stability over a long lifetime, possibly several decades, without servicing. The target is 
to exploit the desirable tribological conditions attainable with the studied amorphous 
carbon coatings in order to reduce friction and wear to improve the efficiency and 
lifetime of components within the reactor.  
From this project Rolls-Royce aimed to gain a valuable understanding of the 
performance of commercial amorphous carbon coatings in service and also develop an 
optimised coating system for tribological use around the pressurised water reactor. By 
using the attractive tribological properties of high hardness, low friction coefficients, 
low wear rates, and chemical inertness achievable with different amorphous carbon 
coatings Rolls-Royce aimed to add value by improving the performance and extending 
the service lifetime of their PWR components. 
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1.4 Current state-of-art in amorphous carbon coatings 
As this Engineering Doctorate focused on the use of amorphous carbon coatings for 
tribological applications, this section covers the fundamental chemistry of amorphous 
carbon films, including their bonding and structures. It then looks at the methods 
available for depositing amorphous carbon films and the effect of composition and 
dopants on the tribological properties of the coating. Finally it explores the current 
industrial applications of the coatings and how they perform in different conditions. 
1.4.1 Carbon bonding and allotropic structures 
Carbon is a non-metallic element whose properties can vary significantly with their 
allotropic state. The allotropic structures that carbon can exhibit are due to three atomic 
hybridisations; sp1, sp2 and sp3. The sp3 configuration consists of a carbon atom with 
four tetrahedrally oriented valence electrons as shown in Figure 1.2 [38]. The electrons 
found in the sp3 orbitals form exceptionally strong σ bonds with adjacent atoms, leading 
to the outstanding physical properties frequently found in the sp3 bonded allotropes. In 
the sp2 hybridisation the four valence electrons are split, with three forming trigonally 
Figure 1.2 The configuration of carbon bonding hybridisations sp1, sp2 and sp3. [38] 
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oriented orbitals with σ bonding and one creating a pπ orbital normal to the sigma plane 
forming weaker π bonds with other nearby π orbitals. The sp1 hybridisation exhibits a 
split in the bonding types whereby two of the valence electrons enter π orbitals, with the 
other two electrons forming σ bonds in the σ orbitals. 
Carbon allotropes include graphite, diamond, graphene, and various fullerenes, with the 
bonding structures shown in Figure 1.3. Diamond has a structure of covalently bonded 
sp3 carbon in a cubic crystal lattice. The tetrahedrally oriented valence electron orbitals 
in the sp3 allotrope form a crystal structure of strong directional σ bonds of equal 
strength with neighbouring carbon atoms. This leads to the exceptional physical 
properties of hardness and wear resistance commonly associated with diamond. 
Conversely, graphite has sp2 bonded carbon in a two dimensional hexagonal lattice 
planes. This structure arises from the sp2 hybridisation forming strong bonds with the 
adjacent σ bonds to create hexagonal planes, which are then weakly connected by van 
der Waals bonds between these layers. The weak van der Waals forces allow shear 
forces between the planes, with humidity reducing friction further as the interlayer 
a b c 
e d 
Figure 1.3 Bonding structures of carbon, a) Diamond, b) Graphite, c) Amorphous, d) Carbon Nanotube, e) Fullerenes. 
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bonding forces are lowered.  
Other allotropes include Graphene, single sheets of the sigma bonded sp2 planes found 
in graphite. Graphene has several interesting properties including excellent electrical 
and thermal conductivity [39], as well as many applications in the field of optics and 
chemical doping currently under investigation by researchers [40]. By applying atomic 
force microscopy-based nanoindentation techniques to a single sheet of suspended 
graphene it has also been found to be one of the hardest materials known to science, 
with a Young’s modulus of 1.0 TPa [41]. 
Graphene is also the building block for the group of allotropes called fullerenes. The 
term fullerene refers to the group of spherical or tube-like carbon structures which 
include Buckminsterfullerene and carbon nanotubes. Research into the application of 
fullerenes for tribological purposes has also shown that fullerene-included nano-oil has 
been produced to reduce friction in engineering applications [42].  
The allotrope that was researched in this Engineering Doctorate was amorphous carbon. 
This carbonaceous material contains an amorphous network of sp2 and sp3 bonded 
carbon atoms. Amorphous carbon can possess a wide variety of properties dependant on 
various physical and chemical variables and deposition techniques, as described later in 
this chapter. The term diamond-like carbon (DLC) is often used when referring to 
amorphous metastable carbon materials which contain a significant proportion of the sp3 
bonding found in the microstructure of diamonds. They typically have characteristic 
properties similar to those of diamond including high hardness, low wear, chemical 
inertness and low friction coefficient [43]. Another variation of amorphous carbon is 
graphite-like carbon (GLC). Graphite-like carbon also contains an amorphous 
combination of sp2 and sp3 carbon but has a higher ratio of sp2 bonding compared to 
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DLC coatings. GLC coatings have some properties similar to those of graphite, like low 
friction coefficient, but have higher wear rates and lower hardness values compared to 
DLC coatings [44]. 
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1.4.2 Amorphous carbon coating deposition techniques 
Depositing amorphous carbon coatings involves the bombardment of the target substrate 
material by positively charged carbon ions whilst maintaining enough energy from 
impacting force to drive the compression of sp2 bonds to sp3 type bonding. This 
enforced carbon densification results in a compressive stress in the growing film [45]. It 
has also been found that amorphous coatings frequently follow the initial substrate 
morphology closely leading to increased local film stresses as the deposition thickness 
increases [46]. 
The first major developments in amorphous carbon coatings were explored in the 1970s 
by Aisenberg and Chabot. Their work synthesised diamond-like carbon by ion beam 
deposition on room temperature substrates, producing thin, hard, insulating, chemically 
inert films. They also conducted experiments with the films using a 1 Mrad cobalt-60 
source, the results of which suggested encouraging radiation resistance [47]. Further 
studies into amorphous carbon films were also conducted by Spencer et al. [48] by an 
ion beam deposition process similar to that of Aisenberg and Chabot. Later work from 
Bubenzer et al. in 1980s focused on the optical properties of RF-plasma deposited DLC 
films [49].  Research was also conducted on the electronic properties of DLC, however 
it was later suggested that the application of DLC coatings in this field would be either 
unsuccessful or uncompetitive when compared to other materials developed.  It quickly 
became apparent in these early studies that the properties of amorphous carbon films 
would make them difficult to characterise. The main problem was that their insulating 
nature caused the samples to attain charge, making the usage of Auger spectroscopy and 
electron microscopy difficult.   
21 
 
Interest was also greatly increased in the 80’s due 
to new deposition techniques that allowed carbon 
coatings to be created by cathodic arc physical 
vapour deposition. These coatings allowed the 
growth of the ‘hydrogen free’ tetrahedral 
amorphous carbon (ta-C) with very low hydrogen 
percentages. 
The current methods used to produce amorphous 
carbon coatings are variations of physical vapour deposition (PVD) and chemical 
vapour deposition (CVD) processes [43]. 
Physical Vapour deposition of amorphous carbon involves various techniques to 
produce a vapour of the target material by physical processes which are then deposited 
as coatings on the target material. 
Sputtering is the PVD technique commonly used for commercial DLC coating 
applications and involves RF or DC sputtering a carbon target by argon plasma [38]. To 
improve the coating deposition rate a magnet is placed behind the graphite target as 
shown on the left of Figure 1.4, causing an increase in plasma ionisation as the electrons 
spiral towards the target. A 
variation of this method 
involves using ion beam 
assisted deposition [IBAD] to 
sputter both the graphite target 
and the deposited film with Ar 
Figure 1.4 Schematic diagram of sputtering 
deposition technique [38]. 
Figure 1.5 Schematic diagram of ion beam deposition technique [38]. 
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ions as shown in Figure 1.5, increasing sp
3
 bonding and densification as the coating 
material is further energised by the ion beam [50]. Sputtering is often the method most 
used for coating industrial components as the deposition process is relatively easy to 
predict and control and the technique can be scaled up to coat larger components [51].  
Ion beam deposition of amorphous carbon films involves the ionisation of a carbon 
source by plasma, and then accelerating the ions using a voltage bias electrode through 
a grid to form a beam onto the substrate surface. The ions are usually obtained from 
either the sputtering of a graphite cathode or, as in the technique developed by 
Kaufman, from the ionisation of a hydrocarbon precursor gas.  This method involves the 
inclusion of neutral and hydrocarbon species incident in the flux at the substrate, thus 
reducing the relative ion flux [52]. Mass selected ion beam deposition [MSIB] involves 
the separation of specified ions of certain species and energies. The division is 
performed by ion divergence when passed through a mass selecting magnetic filter. This 
method allows coatings of tetrahedral amorphous carbon to be produced. However the 
growth rate is slow, with adhesion and thickness limited by the compressive stresses in 
the deposited films. Another disadvantage is the increased cost and size of the coating 
equipment, limiting the popularity of 
industrial application [53].
 
Deposition by cathodic arc is a technique 
sometimes used to produce amorphous 
carbon films by initiating an arc on the 
surface of a carbon cathode using a 
striker as shown in Figure 1.6 to produce 
pure carbon plasma. The carbon ions can 
Figure 1.6 Schematic diagram of cathodic 
arc deposition technique [38]. 
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then be filtered by magnets to 
create a singly charged beam.  
A similar resulting ta-C 
coating can be achieved by 
laser ablation of a carbon 
target to produce a carbon 
plasma plume [54]. 
Amorphous carbon coatings 
deposited by chemical vapour deposition are made by using carbon-containing 
precursor gases that build a film on the surface of the substrate on contact.  
Plasma enhanced chemical vapour deposition [PECVD] is a very popular technique for 
depositing amorphous carbon in the laboratory and commonly involves the use of a 
biased substrate which is bombarded by an ionised hydrocarbon RF plasma created 
between two electrodes, as shown schematically in Figure 1.7. This environment causes 
ions to energetically bombard the surface of the substrate causing the film to increase in 
density and improving mechanical properties [55]. 
Plasma Immersion Ion Implantation [PIII] involves positioning the substrates directly in 
the plasma source and applying a very high voltage (>20kV) pulse-bias, allowing 
complex-shaped components to be coated as the technique is non-line-of-sight [56]. 
Several experiments into amorphous carbon films deposited by PIII show that by 
changing the coating parameters and elemental content it is possible to attain 
improvements in performance that could aid in the development of an amorphous 
carbon coating system for PWR applications.   
Figure 1.7 Schematic diagram of plasma deposition technique [38]. 
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Xuejing et al. found that by varying the acetylene to argon ratio in the precursor gas 
mixture it was possible to affect the sp
2
 and sp
3
 content of the deposited films [57]. 
Their results showed that argon fractions below 50% produced a more diamond-like 
coating due to the bombardment of the argon ions. When the argon content was above 
50% the produced films were more graphite-like in nature and had better adhesion to the 
substrate. 
Mitsuo et al. found that the hardness of the PIII deposited amorphous carbon films 
could be decreased by increasing the acetylene pressure, the process time and the bias 
voltage [58]. They reasoned that the hardness reduction was linked with decreasing 
stress in the films due to the heating effect these parameters create, though they found 
the effect was saturated after process times of 120 minutes. 
Experimental work performed by Ming Xu et al. demonstrated that PIII equipment can 
be used to provide alternate means of doping amorphous carbon coatings. They used the 
ion implantation of tungsten on a-C:H films to form W-C nanocrystallites near the 
surface of the coating. The effect of the ion implantation was an increase in the hardness 
due to the compressive stress, however it also caused the surface of the amorphous 
carbon to graphitise which acted to decrease the friction coefficient of the film when 
compared with typical W-C films [59]. 
The scaling–up of plasma immersion ion implantation technology is of particular 
interest to industry as it allows large component areas to be coated with hard, strongly 
adherent coatings. Collaborative work performed by the Los Alamos National 
Laboratory and General Motors aimed to demonstrate the applicability of large-scale 
PIII deposition to manufacturing and produced amorphous carbon films that were 
highly adherent with a high deposition rate [60]. 
 
Work by Bugaev et al. built on this 
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experimentation to deposit diamond-like films on substrates which had increasing 
adhesion as the intrinsic stresses were reduced by increasing ion bombardment [61]. 
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1.4.3 Composition, structure, and dopants 
By changing the elemental 
composition of amorphous 
carbon coatings it is possible 
to dramatically alter the 
properties exhibited. The two 
most important factors 
affecting the mechanical 
properties of amorphous 
carbon films are the 
hydrogen content and the 
ratio of sp2 to sp3 bonding [52]. A helpful way of categorising amorphous carbon films 
is with the use of the ternary phase diagram from Robertson [38] as shown in Figure 
1.8, first proposed by W. Jacob and W. Möller [62]. In coating applications amorphous 
carbon is often classified by its prevalent bonding types, hydrogen content and 
contained dopants. These coating groups are referred to as tetrahedral amorphous 
carbon [ta-C], hydrogenated amorphous carbon [a-C:H], and metal doped hydrogenated 
amorphous carbon [a-C:H:Me] [63]. The percentage of hydrogen included in the coating 
creates a large variation in the mechanical and chemical properties of the films. The 
term tetrahedral amorphous carbon (ta-C), first coined by McKenzie [64] to distinguish 
from sp
2
 a-C, is used to describe amorphous carbon films with the largest sp
3
 content 
and lowest hydrogen content. They have mechanical, optical and electronic properties 
close to that of diamond [43]. The inclusion of hydrogen in the hydrogenated a-C:H 
films tends to decrease the Young’s modulus and hardness of the film [43]. The density 
is also decreased with increased hydrogen percentage, along with the thermal stability 
Figure 1.8 The ternary phase diagram for carbon films 
with sp3, sp2 and hydrogen. [38] 
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and internal stress during deposition [38]. At high hydrogen concentrations the dangling 
sp
3
 C bonds are terminated by hydrogen and impart relatively low density and hardness 
to the film [43].  
Amorphous carbon films are also frequently doped with other elements to optimise 
coatings for specific applications and environments [43]. Adhesion of the coating to 
metallic substrate materials can be improved by layering/doping with elements like 
silicon, nitrogen, and various metals to reduce stress and delamination effects [65]. 
Commercial coatings often use a metallic interlayer or series of metal-metal nitride 
/carbide interlayers between the substrate and coating in order to reduce stress arising 
from mismatch between the dissimilar materials. Chromium based materials are often 
used in this layer in many commercial coatings as they act to improve adhesion to the 
substrate and reduce corrosion pathways. Deposition temperature and in-service 
temperature and conditions have an effect on coating performance that should be taken 
into account when designing coatings. 
Reducing the thermal expansion coefficient mismatch during thermal cycling can also 
decrease the internal stresses between the amorphous carbon film and the substrate [66]. 
For example, with the inclusion of silicon it is possible to reduce the internal stress 
during deposition, increase the 
thermal stability at high temperatures 
and maintain a low friction 
coefficient at higher humidity [67]. 
 An important aspect of the research 
into an optimised amorphous carbon Figure 1.9 Typical commercial amorphous carbon 
coating structure, A) functional amorphous carbon 
coating, B) a graded adhesive interlayer or multilayer, 
C) component substrate material. 
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coating system concerns the use of functional interlayers between the film and substrate 
as in Figure 1.9. Carbide forming transition metals are frequently used as functional 
interlayers [43], however the range of elements used in commercial coatings for nuclear 
applications is limited due to radioactivity and corrosion concerns in the reactor 
environment [68]. Adding functional interlayers to the coating can also assist in 
reducing corrosion related to capillary intrusion through pore defects in the film [69]. 
From the autoclave work conducted previously by Rolls-Royce it was found that the 
amorphous carbon coatings deposited without an interlayer all completely delaminated, 
highlighting their importance of the interlayer to overall coating performance [1]. 
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1.4.4 Coating tribology and stability 
The tribology of amorphous carbon films can be very complex, displaying great 
variations with coating composition and environmental exposure. Wear mechanisms and 
mechanical properties can vary dramatically dependent on the environment; 
temperature, pressure, and chemical interactions [70]. In ambient environmental 
conditions the typical tribology for amorphous carbon involves the formation of a 
tribolayer of lubricious graphitised material on the surface of the counterface [43]. This 
layer acts to reduce the friction and wear between the two surfaces [71]. 
This section will review studies into the effect of aqueous environments on DLC, 
mainly conducted in the biomedical and automotive fields. These included static tests 
on the thermal stability of DLC in high temperature, high pressure water and also the 
effect various levels of humidity and water immersion had on DLC coatings during 
wear testing.  
Experiments into the 
thermal stability of ta-C 
DLC films in water at 
elevated temperatures and 
pressures were conducted 
by Calderón-Moreno [72]. 
Figure 1.10 shows that 
between the temperatures 
of 200 and 400°C in water 
at a pressure of 6MPa Figure 1.10 Raman peak shifts with increasing water temperature during 
experiment A conducted at 200°C, experiment B at 400°C, and experiment C 
at 600°C. [72]  
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(conditions typically found in the secondary loop of PWRs), there was a shift in the 
Raman spectroscopy peaks with an increase in intensity around 1350cm-1 and a 
movement of the peak at around 1550cm-1 to around 1600cm-1. These changes in the 
Raman spectrum suggest a partial graphitisation of the ta-C film as sp3 bonds are 
converted to sp2 bonds [38]. The application of Raman spectroscopy to characterise 
changes in amorphous carbon films after degradation in service is discussed further in 
section 2.5.4 of the thesis. At higher temperatures this trend continued until a complete 
conversion to a nanographitic sp2 amorphous carbon was observed over 600°C. Initial 
work at the University of Sheffield with static autoclave tests support these findings, 
with many commercial DLC coatings unable to withstand the pressurised water at 
elevated temperatures, even without any applied mechanical loading [1].  
An investigation conducted by Tallant et al. into the effect of different environments on 
a diamond-like carbon CVD coating containing hydrogen concluded that the studied 
films were structurally stable up to around 260°C [73]. They found that boiling de-
ionised water at around 95°C caused no changes in the Raman spectra of the film before 
and after exposure, but they did report that the coating had a tendency to partially flake 
off the tungsten substrate. The study also looked at the effect of a humid environment at 
225°C on the DLC coating but also observed no changes in the Raman spectra of the 
films, as well as recording the conversion of the coating to nano-crystalline graphite 
above 300°C in ambient air. 
Research by Andersson et al. found that introducing water vapour into a pin-on-disc 
wear testing chamber where both the substrate and counterface were coated caused a 
significant decrease in friction coefficient from 0.6 to 0.07 for an cathodic arc deposited 
hydrogen free amorphous carbon films, whereas the highly hydrogenated PECVD DLC 
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films saw a slight increase [74]. Drees et al. also found the hydrogenated a-C:H 
coatings failed suddenly and catastrophically in pin-on-disc tests against a steel 
counterbody when exposed to aqueous environments, an effect they attributed to the 
adhesive delamination of the coating at the coating-substrate interface [75]. 
Work conducted by Chandra et al. into the effect of aqueous environments on the 
mechanical stability of DLC coatings for biological applications showed that exposure 
to water at 37°C for 4 weeks produced no change in the DLC coatings, however 
exposure to a phosphate buffered saline solution caused extensive damage and 
delamination as it infiltrated and attacked the interface through pores and cracks in the 
coating. It was also found that increasing the temperature caused an increase in coating 
damage as this capillary action was exaggerated [76]. 
In other tribological studies Masuko et al. have found that increasing the substrate 
roughness of stainless steels can help to reduce delamination of hydrogenated CVD 
amorphous carbon coatings during sliding wear tests in water [77]. They also found that 
slightly polishing the diamond-like carbon surface reduced the wear on the counterface 
caused by increasing the substrate roughness. 
The performance of two commercial amorphous carbon coatings immersed in distilled 
water high load sliding wear tests were studied by Stallard et al [78].  They found that 
the hydrogen free amorphous carbon-chromium multilayer coating (Graphit-iC) 
deposited by closed field unbalanced magnetron sputtering survived the tests in water, 
maintaining a low friction coefficient throughout. The wear rates of the Graphit-iC 
coating was found to be equal to or less than those found when exposed to air. A 
secondary coating (Dymon-iC), a PECVD deposited a-C:H, failed the test even at 
relatively low loads.  
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Coating spallation was observed by Hauert et al. in their study of the long-term 
adhesion of diamond-like carbon coatings for in vivo biomedical applications [79].  
Figure 1.11 shows a top-down SEM image of the spalled coating on the left and on the 
right the corresponding FIB cross-section of the coating showing crevice corrosion of 
the interface material leading to delamination. The environmental conditions of their 
experiment differ significantly from the autoclave conditions in this project using 
deionised water however it is 
possible that localised 
corrosion systems could 
develop in the sample. 
They also examined the effect 
of stress corrosion cracking on 
reactively formed interfaces in 
the coating. Figure 1.12 shows 
the open crack in the reactively 
formed interface material 
Figure 1.12 TEM micrograph of interface between CoCrMo substrate 
and amorphous carbon coating. SCC is present in the carbide interface 
during immersion in PBS [79]. 
Figure 1.11 A top-down SEM image of a delaminated DLC coating after in vivo testing b) A FIB cross-section 
showing the crevice corrosion of the adhesive interlayer. [79] 
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between the substrate and coating caused by SCC during immersion in PBS.  
Rolls-Royce sponsored research by Sutton et al. also looked at the tribology of three 
commercial diamond-like carbon coatings in distilled water [80]. Coating A in this 
report is similar to the Graphit-iC coating used by Stallard and also shows similar 
behaviour; the coating initially has a high coefficient of friction before dropping back 
down to a stable level as the transfer layer forms on the counterface material. Although 
these tests might be a useful indicator of amorphous carbon coating characteristics in 
tribological tests in water it is also important to consider the effect of increasing 
temperature and pressure on both the integrity of the coating and the nature of the 
tribology. 
A variety of different coating types were selected so that their experimental performance 
could be connected to certain material properties. This knowledge could then later be 
used to help develop an optimised coating system. During the initial stages of this 
Engineering Doctorate Rolls-Royce worked with the Research Centre in Surface 
Engineering at the University of Sheffield to down-select from a large variety of 
potential commercial coatings using autoclave testing, as shown in Table 1 [1]. 
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Table 1 Performance of amorphous carbon coatings in the previous autoclave tests [1]. 
Know details of amorphous carbon 
coating classification and interlayer 
structure 
Autoclave exposure and coating performance 
Diamond-like a-C:H on CrN, Cr 2 year autoclave test 250-300°C: partial 
coating spallation, >300°C significant coating 
spallation 
 
7 day autoclave test 280°C: partial coating 
spallation 
 
6 day autoclave test 280°C: significant 
coating spallation 
 
3.7 day (power failure) autoclave test at 
300˚C: partial coating spallation 
Graphite-like a-C on Cr/C multilayer, 
Cr/C ramp layer, CrN, Cr 
2 year autoclave test: 250-300°C no coating 
spallation, >300°C no coating spallation 
 
3.7 day (power failure) autoclave test at 
300˚C: no coating spallation 
Diamond-like a-C:H on CrC, CrN, Cr 2 year autoclave test 250-300°C: no coating 
spallation, >300°C complete coating 
spallation 
 
3.7 day (power failure) autoclave test at 
300˚C: complete coating spallation 
Diamond-like a-C:H:Si 7 day autoclave test 280°C: complete coating 
spallation 
Diamond-like a-C:H:Si on CrN 7 day autoclave test 280°C: some coating 
pitting 
Graphitic a-C:H 7 day autoclave test 280°C: complete coating 
spallation 
Graphitic a-C:H on CrN 7 day autoclave test 280°C: significant 
coating spallation 
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Polymeric a-C:H 7 day autoclave test 280°C: complete coating 
spallation 
Polymeric a-C:H on CrN 7 day autoclave test 280°C: some coating 
pitting 
a-C:H on graded CrC, CrCN, CrN 7 day autoclave test 280°C: partial coating 
spallation around edges 
 
3.7 day (power failure) autoclave test at 
300˚C: partial coating spallation 
Columnar a-C:H on graded CrC, 
CrCN, CrN  
7 day autoclave test 280°C: coating 
discolouration 
 
3.7 day (power failure) autoclave test at 
300˚C: complete coating spallation 
Diamond-like a-C:H on CrN, Cr 3.7 day (power failure) autoclave test at 
300˚C: partial coating spallation 
Diamond-like a-C:H on a-C:Cr, CrN 3.7 day (power failure) autoclave test at 
300˚C: partial coating spallation 
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1.4.5 Amorphous carbon coating applications 
The attractive properties attainable with amorphous carbon mean that a large volume of 
research and development has been directed into creating coatings for engineering 
components and electronics. The main focus of current research is into the favourable 
mechanical and chemical properties of amorphous carbon coatings for engineering 
components.   
Due to the properties of high hardness, good chemical inertness and low friction the 
amorphous carbon films are excellent for protective coating applications wherein the 
tribology is important in providing increases in efficiency and extensions in lifetime to 
components like valves, seals, cutting tools bearings and pumps [81] [82]. 
The formation of the self-lubricious graphitic transfer layers means that it is often 
desirable to use amorphous carbon coatings in situations where the usage of oil-based 
lubricants is limited. This is the case in vacuum environments for components to be 
used in space, but also for systems where elemental contamination is a factor like food 
processing and possibly nuclear reactor systems. A significant volume of research has 
been conducted in the application of amorphous carbon films for biological applications 
as the coating offers a near chemically inert surface with low friction and wear, ideal for 
usage in the lubrication and protection of artificial joints [83] or heart valves [84]. 
The usage of diamond-like carbon coatings is often limited by their high internal 
compressive stress and low mechanical toughness [38]. Due to the typically low 
mechanical toughness of amorphous carbon films functional interlayers are often 
applied to the substrate to act as load support when coating a load-bearing engineering 
component [43]. The usage of metallic dopants can also act to improve coating 
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performance as they give the dispersion of both hard metallic carbide and pure metal 
nanocrystallites in the carbon matrix [85]. This gives the coatings a desirable 
combination of properties; the high hardness associated with ceramics alongside the low 
elastic modulus typical of polymeric compounds [65]. This amalgam gives metal doped 
amorphous carbon coatings the high H/E ratios typically associated with excellence in 
wear resistance [86]. 
A lot of the commercially available amorphous carbon coatings are designed for use in 
automotive applications or material tooling and are often applied where desirable 
material properties like low friction coefficients and high hardness are useful in adding 
performance increases to components [43] . However they are usually designed to work 
with lubricating oils, not the high temperature water found in pressurised water reactors. 
Due to the relative sizes of the markets and demand for coatings, coatings designed 
specifically for nuclear applications are limited so existing coatings are often adapted 
for purposes they are not optimised for. In this project is was therefore likely that the 
commercial coatings studied would not be designed with pressurised water reactor 
applications in mind but any useful features found during this investigation could be 
used to help specify future coating depositions for the specific environmental conditions 
involved in such applications.   
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1.5 Summary 
Based on the project specification from Rolls-Royce and a review of the available 
literature the project aims were to investigate the hydrothermal stability of the 
amorphous carbon coatings when exposed to high-temperature high-pressure water and 
then to identify and understand the features and compositions of the coatings before and 
after exposure to determine their effect on coating performance and possible 
degradation mechanisms. 
These considerations were used to develop an experimental programme that involved 
using the available coatings in a series of experimental objectives to explore coating 
performance in the context of the project aims. The materials and experimental methods 
used are covered in further detail in the following chapter. 
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Chapter 2: Materials and experimental methods 
2.1 Introduction 
This chapter will detail the materials and experimental methods used to complete the 
objectives of the project. It will first examine the rationale behind the material selection 
of the coatings and substrates used in this project, including how each was chosen to 
answer the specific questions of the Engineering Doctorate. Next it will cover the 
experimental techniques used to test the performance of the materials in certain 
simplified pressurised water reactor conditions and what issues they were addressing. 
Finally it will look at the characterisation techniques used to analyse the performance of 
the different coatings to gain a fundamental understanding of the material mechanisms 
affecting each of the coatings. 
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2.2 Coatings 
The first two coatings studied in this project were the diamond-like hydrogenated 
amorphous carbon commercial Coating Type A, and the graphite-like non-hydrogenated 
commercial Coating Type B. The detailed architecture of the coatings was studied by 
TEM and EELS in results Section 4.3. 
Later in the project the graphite-like amorphous carbon Coating Type C was a lab-
deposited with a coating architecture based on the knowledge of Coating Type B, with 
chromium doping and interlayers. Coating Type D was also lab-deposited with the same 
method as Coating Type C but the chromium was replaced with titanium.   
For the purpose of this project it was not necessary to focus on the commercial origins 
of the coatings, therefore they will not be listed here. The commercial coatings studied 
were not originally designed with pressurised water reactor conditions in mind therefore 
they will only be referred to in reference to their properties and performance during 
characterisation when exposed to the autoclave conditions.  
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2.2.1 Coating Type A 
The first coating focused on in this project was an amorphous carbon film deposited by 
combined physical vapour deposition and plasma assisted chemical vapour deposition. 
The carbon coating was described by the manufacturer as a diamond-like carbon with 
high sp
3
 content, containing hydrogen and no metal dopants (a-C:H). The coating is 
deposited at temperatures under 250°C and has a chromium nitride interlayer for 
improved loadbearing. The manufacturer states that the coating should survive up to 
300°C depending on the environmental conditions present.  
Figure 2.1shows the as-received surface of Coating Type A. The ridges seen on the 
surface of the diamond-like carbon coating follow the polishing marks from the 
underlying morphology of the stainless steel substrate.  Figure 2.2 is an optical 
Figure 2.1 An optical micrograph of the as-received surface of Coating Type A. 
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micrograph of small defects present on the sample surface, in some cases raised 
asperities and in places (such as the larger defect in Figure 2.3) revealing lighter areas of 
the underlying interlayer materials.  
The number of Coating Type A samples available for this project was somewhat limited 
as the commercial coatings were originally acquired several years ago during a separate 
Rolls-Royce project. The coatings are quite rough relative to the recently prepared 
samples as the amorphous carbon followed the underlying substrate morphology as 
shown previously in the optical micrograph in Figure 2.1 and the optical profilometry 
image in Figure 2.4 [1].  
The proprietary recipes of the coatings tend to change with time so in order to assess the 
behaviour of coatings that were chosen for the application back then it was necessary to 
Figure 2.2 An optical micrograph of the as-received surface of Coating Type A with defects. 
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work with the remaining older coatings. This meant that there was some variation in the 
substrate materials of the still existing samples. The previous Rolls-Royce high 
temperature autoclave tests used Haynes 25 as the substrate material and the 
experiments performed in this project were deposited on HAS 40100. Fortunately, the 
previous R-R testing had shown that the two different substrate materials have little 
influence on the hydrothermal performance of the coatings themselves [1].  
The coating was originally selected by Rolls-Royce partly due to robustness of the 
multinational supply chain. Rolls-Royce are interested in learning more about this 
coating because long term autoclave experiments revealed significant spallation of the 
coating at medium and high temperatures. Further autoclave experiments performed 
with R-R showed that there was even significant spallation over shorter time periods 
[1]. 
Figure 2.3 An optical micrograph of the as-received surface of Coating Type A with large defect. 
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Figure 2.4 Optical profilometry of Coating Type A [1]. 
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2.2.2 Coating Type B 
The next coating to be studied was 
a graphitic-like carbon film (a-C) 
deposited by closed field 
unbalanced magnetron sputter ion 
plating shown schematically in 
Figure 2.5. The interlayer system 
for the coating was a CrN base 
layer on the surface of the substrate, 
followed by a Cr adhesion layer, on 
top of which was a graded Cr/C 
Figure 2.6 An optical micrograph of the as-received surface of Coating Type B. 
Figure 2.5 Schematic diagram of the closed field unbalanced 
magnetron sputter ion plating system. 
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multilayer. The multilayer Cr/C interlayer system was created by rotating the substrate 
holder in the centre of the CFUMSIP chamber and varying the power applied to the 
alternating chromium and carbon targets. Finally the amorphous carbon coating was 
deposited on the top as shown in the optical micrograph of the coating surface in Figure 
2.6 and the optical profilometry in Figure 2.7.  
Unlike Coating Type A this coating contained no hydrogen as it was co-sputtered from 
carbon and chromium targets rather than deposited from a hydrocarbon precursor gas.  
This coating was selected for further study in this project as it performed well in 
previous Roll-Royce experimental investigations into the effect of high temperature and 
high pressure water conditions, maintaining coating integrity for 2 years [1]. The 
coating was deposited by a smaller company in comparison with Coating Type A so 
there may be concerns over the supply chain for coating components depending on the 
volume of coatings required.  
  
Figure 2.7 Optical profilometry of Coating Type B [1]. 
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2.2.3 Coating Type C 
The interlayer structure of Coating Type C is similar to that of Coating Type B, an 
amorphous carbon film on top of a Cr layer with a Cr/C interlayer, however in this case 
the carbon coating was Cr doped (a-C:Cr) and there was no CrN baselayer. The method 
of deposition was also co-sputtering of C/Cr and the coating is graphite-like, containing 
no hydrogen addition during the deposition process.  
An optical micrograph of the surface of Coating Type C is shown in Figure 2.8. The 
deposition of Coating Type C was requested in order to have a sample comparable with 
Coating Type B but also to explore the effect of changing interlayers and dopants when 
compared with Coating Types B and D. This coating was also deposited using closed-
Figure 2.8 An optical micrograph of the as-received surface of Coating Type C. 
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field unbalanced magnetron sputtering system at the University of Akron, shown 
schematically in Figure 2.3. 
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2.2.4 Coating Type D 
The structure and deposition process of Coating Type D is the same as that of Coating 
Type C but the chromium in the interlayer and coating has been replaced with titanium 
(a-C:Ti). The surface of the Ti doped amorphous carbon coating is shown in Figure 2.9.  
One of the more important aspects of selecting or developing a suitable amorphous 
carbon coating is the composition and characteristics of the interlayer between the 
substrate and coating.  Coating Type D should offer a structure similar to that of 
Coating Types B and C, where Coating Type B is known to work well in the testing 
conditions.  However by replacing the Cr in the other coatings it allowed a comparison 
between the interlayer and doping materials to be made.  
Figure 2.9 An optical micrograph of the as-received surface of Coating Type D. 
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This amorphous carbon coating was also deposited using closed-field unbalanced 
magnetron sputtering at the University of Akron.  
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2.3 Substrates 
The substrate materials used in these experiments were mostly stainless steel alloys. 
Stainless steels are steel alloys that contain at least 10.5% chromium by mass. Stainless 
steel is commonly used in the manufacture of PWR components as it has some of the 
useful properties of carbon steels with a greater corrosion resistance in many 
environments.  
Although commonly used in PWR components due to their corrosion resistance there 
are some mechanisms that can lead to material degradation in the plant. Stress corrosion 
cracking is a particular concern [87]. 
The project also looked at the degradation of the coatings deposited on Haynes 25 
substrates from some two year high temperature autoclave experiments performed with 
CAPCIS. From previous Roll-Royce work it was found that the differences in substrate 
materials had no significant effect on the performance of the coatings as there were no 
observable changes in delamination or material degradation during autoclave exposure. 
It was found that the coatings tended to fail at the metallic interlayer/amorphous carbon 
interface rather than occurring at the substrate surface.  
The substrates used in this project were AISI 304 and 431 stainless steels, along with 
the Rolls-Royce HAS40100 alloy and Haynes 25 used for the previous Rolls-Royce 
experiments with Coating Type A. The compositions of commercially available 
materials used are recorded in Table 2. 
The substrates used in the experiments in this EngD project were prepared for coating 
by grinding using 120, 240, 400, 600, and 800 grit silicon carbide grinding papers and 
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then the final polishing was completed using 3µm and 1µm diamond suspension spray 
to give a Ra 1µm finish. 
 
Table 2 Weight percentage compositions of the commercially available substrate 
materials. HAS40100 has a composition similar to AISI431 but is not included in the 
table as it is a proprietary Rolls-Royce alloy. 
Weight % C Co Cr Fe Mn Ni P S Si W 
AISI 304 
Stainless 
Steel [87] 
0-
0.08 
- 
18.0-
20.0 
66.5-
74.0 
0-2.0 
8.0-
10.5 
0-
0.045 
0-
0.030 
0-
0.75 
- 
AISI 431 
Stainless 
Steel [88] 
0-
0.20 
- 
15.0-
17.0 
78.2-
83.8 
0-1.0 
1.3-
2.5 
0-
0.040 
0-
0.030 
0-
1.0 
- 
Haynes 25 
[89] 
0.05-
0.15 
Bal 
19.0-
21.0 
0-3.0 
1.00-
2.00 
9.0-
11.0 
0-
0.03 
0-
0.03 
0-
1.0 
14.0-
16.0 
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2.3.1 Stainless steel AISI 304 
AISI 304 stainless steel is an austenitic steel alloy with good strength, fracture 
toughness, corrosion resistance, and ductility [88]. It has commonly been used in the 
manufacture of structural components in the pressurised water reactor as these material 
properties made it suitable for the challenging pressures, temperatures, and 
environmental conditions [89].  
The more recent commercial coatings in this project including Coating Types B, C, and 
D were all deposited on AISI 304 SS alloy as the material was easier and faster to 
prepare consistent substrates for coating and better corrosion resistance in comparison 
to the AISI 431 SS alloy, with no significant observable difference in the effect on 
coating degradation between the various substrate alloys used during testing [1].  
 
2.3.2 Stainless steel AISI 431 
AISI 431 stainless steel is a martensitic steel alloy with good corrosion resistance 
[90][84]. The alloy is magnetic and also has good strength and toughness, as well as 
high hardness and wear resistance. The stainless steel alloy is often used in pressurised 
water reactor applications like pumps and valves where austenitic stainless steels are not 
suitable due to their poor resistance to sliding wear and cavitation erosion [91]. The 
initial Rolls-Royce investigation into commercial coatings performance used this alloy 
alongside the AISI 304 SS substrate in order to observe any differences in coating 
degradation between the different substrate materials. In this study the samples of 
Coating Type B used in the Parr bomb tests were deposited on AISI 431 SS as the alloy 
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was close to the composition of the proprietary HAS40100 used in the substrate of some 
available samples of Coating Type A. 
 
2.3.3 Stainless steel HAS40100  
The HAS40100 alloy is a proprietary Rolls-Royce alloy with properties and 
composition very similar to that of AISI 431SS. This alloy was used as the substrate for 
some of the earlier Rolls-Royce coating samples that were used in the previous 
autoclave experiments. The samples of Coating Type A used for the recent autoclave 
experiments in this project were deposited on HAS40100. 
 
2.3.4 Haynes 25 
Haynes 25 is a cobalt based alloy with excellent performance in high temperature 
applications [92]. It has good corrosion resistance combined with good formability, as 
well as excellent high temperature strength due to solid solution strengthening. In this 
study the coating samples used to assess the performance of Coating Type A from a 
previous 2 year autoclave exposure investigation by Rolls-Royce were deposited on 
Haynes 25. 
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2.4 Experimental Methods 
This section of the report will cover the techniques selected in order to complete the 
various different objectives of the Engineering Doctorate project. 
The first experimental procedures involved using a Parr bomb autoclave to analyse the 
effect of high temperature water on the coatings. The coatings were then analysed using 
nanoindentation, Raman spectroscopy and microscopy techniques to assess their 
thermal stability performance. 
Further tests were then conducted using an autoclave at higher temperatures to study 
any material degradation mechanisms and loss of performance with increasing 
temperatures. The coatings were also then analysed by a range of microscopy and 
spectroscopy techniques. 
In order to examine the effect of changing the coating interlayers the same experiments 
were conducted on both the commercial and lab deposited samples to identify 
advantageous features that could be used in future optimised coatings. 
Due to the variation in substrate materials due to limited sample availability, for clarity 
the materials used in each of the experimental methods are shown in Table 3. 
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Table 3 Materials used in each of the experimental procedures. 
Experimental Method Materials Used 
Parr Bomb 
 
Coating Type A on HAS40100 As received.  
 
Coating Type B on AISI 431 SS As received. 
 
Autoclave 
 
Coating Type A on HAS40100 As received. 
 
Coating Type B on AISI 304 SS As received. 
 
Coating Type C on AISI 304 SS As received. 
 
Coating Type D on AISI 304 SS As received. 
 
Nanoindentation 
 
Coating Type A on HAS40100 As received, after 
24hr/7day Parr bomb, and after 7 day autoclave. 
 
Coating Type B on AISI 431 SS As received, after 
24hr/7day Parr bomb, and on AISI 304 after 7 day 
autoclave. 
 
Coating Type C on AISI 304 As received and after 7 day 
autoclave. 
 
Coating Type D on AISI 304 As received and after 7 day 
autoclave. 
 
Raman Spectroscopy 
 
Coating Type A on HAS40100 As received, after 
24hr/7day Parr bomb, and after 7 day autoclave. 
 
Coating Type B on AISI 304 SS As received, after 
24hr/7day Parr bomb, and on AISI 304 after7 day 
autoclave. 
 
Focused Ion Beam Milling 
 
Coating Type A on HAS40100 As received, after 7 day 
autoclave, and on Haynes 25 after 2 year autoclave. 
 
Coating Type B on AISI 431 SS As received. 
 
Coating Type C on AISI 431 SS As received. 
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Scanning Electron 
Microscopy 
 
Coating Type A on Haynes 25 after 2 year autoclave. 
 
Transmission Electron 
Microscopy 
 
Coating Type A on HAS40100 As received, after 7 day 
autoclave, and on Haynes 25 after 2 year autoclave. 
 
Coating Type B on AISI 431 SS As received. 
 
Coating Type C on AISI 431 SS As received. 
 
Energy-dispersive X-ray 
Spectroscopy 
 
Coating Type A on HAS40100 As received and on Haynes 
25 after 2 year autoclave. 
 
Electron Energy Loss 
Spectroscopy 
 
Coating Type A on HAS40100 As received, after 7 day 
autoclave, and on Haynes 25 after 2 year autoclave. 
 
Coating Type B on AISI 431 SS As received. 
 
Coating Type C on AISI 431 SS As received. 
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2.4.1 Parr bomb 
The first experiment involved using a Parr bomb to expose the coating samples to high 
temperature water for periods of 24 hours and 7 days. This equipment allowed the 
performance of the amorphous carbon coatings in very simplified pressurised water 
reactor operating conditions to be examined. If the coatings had delaminated at the 
relatively low temperature used in the exposure it would immediately rule out the need 
for further experiments at higher temperatures and durations.  
The vessel used in these experiments was the 4744 45ml general purpose acid digestion 
Parr bomb from the Parr Instrument Company [93]. The equipment consists of a thick-
walled PTFE cup with a volume of 45mL as shown in the right side of Figure 2.10. This 
PTFE vessel then sits inside a broad flange sealed stainless steel vessel on the left in 
Figure 2.10. The Parr bomb was designed to operate at temperatures of up to 250°C. 
The vessel has a built in mechanical fuse in the form of a rupture disc between the 
Figure 2.10 4744 45ml general purpose acid digestion Parr bomb. 
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PTFE lid and the spring-loaded steel cap.  In order to reduce the risk of rupturing the 
seal during heating and needing to replace it the experiment was limited by the oven 
controller  to 240°C, with an overheat cut-off at 245°C. Although this temperature was 
lower than the previous autoclave tests it was still useful to find out whether the 
coatings could be suitable for lower temperature applications inside the secondary loop 
of the pressurised water reactor system, or whether they failed at the lower temperatures 
as well.  
The first step was to conduct a 24 hour exposure at 240°C. If the coatings completely 
failed in this timespan then it would not be worth doing an extended experiment as there 
would be no additional knowledge to gain, saving further testing time. It was also useful 
to expose the coatings for a shorter amount of time as the autoclave experiments 
conducted previously did not reveal whether the coatings failed immediately or after a 
longer period of material degradation.   
If not already sectioned into suitable sizes from characterisation experiments conducted 
previously the coated samples were sectioned to dimensions of 25mm x 15mm x 5mm 
using a Buehler IsoMet 5000 precision cutter.  Previous R-R autoclave experiments 
showed that cutting or polishing the ends of the samples had no effect on the level of 
spallation found on the surface of the studied coatings. 
The coating samples were then cleaned with a detergent solution and rinsed in water to 
remove most of the cutting fluid and swarf material from the surface.  They were then 
further cleaned in an ultrasonic bath by immersion in a beaker of isopropyl alcohol for 5 
minutes, with the solution replaced with clean IPA and then repeated for a further 5 
minutes.  
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The samples were then placed into the bottom of the PTFE cylinder inside the Parr 
bomb vessel and 20ml of deionised water was poured in so that they were fully 
immersed. The vessel was then placed on the metal shelf and the oven was heated to 
240°C and maintained at that temperature for the duration of the testing period. 
At the end of each experimental period the vessel was removed from the oven and 
allowed to cool for a period of 24 hours. After the vessel had cooled the samples were 
then removed for characterisation. The PTFE vessel was then washed thoroughly with 
deionised water for the next experiment. 
As there was not an accessible way to analyse the water quality quickly with the 
available equipment the analysis was conducted after the experiment. Water samples 
were taken from the 7 day Parr bomb exposures and inductively coupled plasma mass 
spectrometry (ICPMS) was used to analyse the chemical compositions of the liquid and 
the separated particulate matter after the experiment. The samples were analysed by 
ionising the collected water sample by inductive heating of the solution and particulates 
into plasma. The plasma was then analysed by mass spectrometry to determine the 
elements present in parts per billion.  
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2.4.2 Autoclave 
The next experiment was a further 
investigation of the coating performance 
under more aggressive higher temperature 
water conditions. Previous Rolls-Royce 
experiments have shown that Coating Type 
A will consistently show significant 
spallation when exposed to water 
temperatures in excess of 280°C. This 
experiment aimed to expose Coating Type 
A to conditions known to cause significant 
material failure in order to compare the 
performance relative to Coating Type B.  
The Coating Types C and D were also immersed during the experiment to investigate 
the effect interlayers of chromium and titanium have on the coating performance. A 
static 900ml autoclave at the University of Manchester was used to conduct this 
experiment to expose the amorphous carbon samples to higher water temperatures. It 
offered much greater control of the environmental conditions in comparison to the Parr 
bomb experiments [94]. 
The vessel was first pre-cleaned using deionised water at a temperature of 300˚C for at 
least 24 hours until a conductivity of <2.5 µS cm-1 was achieved. The coated samples 
were then mounted on an insulated hanger as in Figure 2.11 so that they could be fully 
immersed in the water without touching the sides when lowered into the autoclave 
vessel.  
Figure 2.11 The sample hanger setup used for 
autoclave testing. 
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The autoclave vessel was then filled with deionised water and sealed with the samples 
inside.  The process of deaerating the deionised water in the autoclave was then started 
by sparging with nitrogen until the oxygen level was less than 100 ppb. More nitrogen 
was then pumped into the vessel to achieve an overpressure of around 5 to 10 bar above 
the water vapour pressure to prevent the deionised water from leaving the liquid phase 
inside the autoclave during the experiment. The reliability of this preparation process to 
achieve the required operating conditions had been ascertained during the previous 
Roll-Royce autoclave tests at the University of Manchester so the procedure remained 
the same [1]. 
The autoclave was then 
slowly heated to a 
temperature of 280°C and 
held and monitored over 
a period of 7 days until 
the end of the 
experiment. At the end of 
the 7 days the autoclave 
was then slowly cooled to 
a temperature of 60°C 
and the vessel opened. 
The samples were 
allowed to fully air dry 
before sealing in Al foil 
for transport and storage.  
Figure 2.12 Partially spalled surface of Coating Type A after 2 year CAPCIS 
autoclave test for Rolls-Royce. 
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The previous Rolls-Royce autoclave experiments conducted with CAPCIS were 2 years 
in duration at two temperatures between 240 and over 300˚C. This temperature range 
was selected in order to provide a range of similar conditions to those found in a 
pressurised water reactor. The period of 2 years also allowed the performance of the 
coatings to be examined for an extended period of time.  
Figure 2.12 shows a sample of Coating Type A after the 2 year autoclave exposure at 
CAPCIS. The sample shown was studied during this EngD to determine the degradation 
processes that led to the spallation of the amorphous carbon coating across large 
sections of the surface. 
Coating Type A and Coating Type B were also previously tested for a period of 6 days at 
280˚C in an autoclave by the company Element Sheffield. This experiment resulting in 
the delamination of the amorphous carbon film in Coating Type A while Coating Type B 
remained intact; however there were some concerns over sulphurous contamination of 
the vessel from previous experiments.  
A study by Rolls-Royce on the testing indicated that the autoclave procedure at CAPCIS 
had issues with contamination of the water with iron and chromium oxides, possibly 
due to previous experiments or corrosion of the substrates, coatings, or autoclave vessel. 
The autoclave testing at the University of Manchester was intended to help remove 
some of the uncertainty surrounding the presence of contamination as the environmental 
conditions and vessel cleaning was carefully controlled. 
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2.4.3 Scratch adhesion testing 
Scratch adhesion testing was conducted to assess the mechanical adhesion of the 
coatings to the sample substrates. This helped to determine the strength of the 
amorphous carbon film bonding to the underlying material layers in the coatings before 
autoclave exposure [95]. It was useful to perform the experiment on the samples as it 
provided a simple method to determine whether the coatings were failing due to poor 
adhesion in their as-received condition or whether the autoclave environment was 
causing degradation. The experiment was conducted using a VTT scratch adhesion 
tester at the University of Sheffield.  
The coating samples were each scratched four times with a diamond tip for a length of 
10mm at 0.2 mm/s with the normal load linearly increasing from 10 to 100N across the 
length of the scratch. 
Data for the normal and frictional forces was recorded along the length of the scratch 
during the experiment. When combined with optical micrographs it was possible to 
determine the critical load at which coating adhesive failure occurred and therefore 
whether the amorphous carbon film had sufficient adhesion in an as-received state to 
say that the autoclave exposure was causing coating delamination, rather than poor 
bonding during deposition [96].  
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2.4.4 Nanoindentation 
From the previous Rolls-Royce work it was found that the changes in coating hardness 
measured by nanoindentation before and after exposure to high temperature water were 
a good indicator of the hydrothermal stability performance of the coating in the testing 
environment [1]. Nanoindentation involves driving a diamond tip of known geometry 
into the surface of the sample and measuring the displacement against the applied load. 
From the resulting load/displacement curves the hardness of the coatings can be 
calculated and compared to show changes in the coating properties [86]. 
The technique used to analyse the nanoindentation data in this project was the Oliver 
and Pharr method [97]. Figure 2.13 shows a typical load/displacement curve for the 
nanoindent with the maximum load Pmax, maximum displacement hmax, final depth hf, 
and the gradient of the upper portion of the unloading curve related to the elastic 
unloading stiffness S. In 
Figure 2.14 the contact 
geometry of the 
unloading of the 
nanoindent is shown 
with the load P, contact 
area radius a , the indent 
depth h, the material 
sink-in hs, the final 
indent depth hf, the depth 
in which contact is 
maintained hc, and half- Figure 2.13 Load/ displacement curve for nanoindentation. [98] 
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included angle ϕ. From these values the hardness for each of the indents can be derived 
and defined as H =  Pmax / A, where A is the area of the ident [98]. 
The hardness of the samples before and after autoclave exposure was measured using 
the Triboscope NanoIndenter. A Berkovich three-sided pyramid indenter tip was used 
during the experiment. The tip is useful for measuring the hardness of thin films as the 
low loads involved ensure that the effect of the substrate is less than for typical hardness 
tests like the Vickers or Rockwell test [99]. 
The coatings were sectioned using the Buehler IsoMet 5000 precision saw to produce 
samples of sizes suitable for attaching to the metallic disc mounts.  They were then 
cleaned using a beaker of isopropyl alcohol in an ultrasonic bath for 5 minutes twice to 
remove surface contaminants. It was important to remove any contamination as it 
reduced the areas in which nanoindent arrays could be positioned as they can give false 
hardness readings and make the indenter tip dirty. 
The samples were then mounted on circular metal discs to assist the magnetic holder on 
the nanoindenter in securing and keeping the sample still during the characterisation 
Figure 2.14 Schematic diagram of the nanoindentation unloading contact geometry [98]. 
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process. It was important to position the indents above the metallic discs during 
indentation as it provided a flat surface that would not move around under the loading 
of the sample. 
Indentation depth was kept to around ten percent of the coating thickness so that the 
hardness of the coating was measured and not the substrate [100], the maximum force 
applied to the coatings was 3000µN. This gave indentation depths of around 70 to 
100nm depending on the hardness of each of the coatings. These depths were within the 
recommended displacements for the tip geometry to give reliable readings.  Analysis of 
the loading curves sometimes involves discounting some of the indentation curves due 
to major dissimilarities with the ideal curve shapes. These irregularities can often be 
caused by roughness in the sample surface.  
The nanoindentation data was then used to analyse any changes in hardness caused by 
the high temperature water tests in order to characterise the material stability of the 
various amorphous carbon coatings. 
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2.4.5 Raman spectroscopy 
Raman spectroscopy was used to analyse the changes in composition of the amorphous 
carbon coatings before and after the experiments involving exposure to high 
temperature water. The equipment used in this investigation was a Renishaw inVia 
Raman microscope using a green (514nm) argon ion laser. 
This non-destructive characterisation technique uses the scattering of a monochromatic 
light, typically a laser beam, to determine molecular composition and bonding of the 
material [101]. When the laser light source interacts with the molecules in the sample 
some of the electromagnetic energy is shifted. These interactions with the molecules 
cause changes in the wavelength 
of the light when compared with 
the photon source, which can 
then be detected and 
subsequently displayed as a 
characteristic spectrum [102]. 
Raman spectroscopy was a useful 
technique for judging changes in 
the composition and bonding 
present in the amorphous carbon 
coatings as the progression of the 
graphitisation process after 
exposure to high temperature 
water could be measured relative 
Figure 2.15 Schematic variation of G peak position and I(D)/I(G) 
ratio with carbon amorphisation and ordering trajectories [104]. 
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to the as-received coatings [72]. When characterising amorphous carbon the G peak and 
the D peak for carbon were very important in determining the nature of the material 
microstructure as the G peak in carbon allotropes arises due to the bond stretching of sp
2
 
atoms and the D peak is related to the breathing modes of the sp
2
 atoms bonded in rings 
[103].  
Figure 2.15 shows the amorphisation and ordering trajectories of the G peak position 
and I(D)/I(G) ratio for carbon Raman peaks [104]. As the material in the coating 
graphitises the relative sp
3
 content is reduced and there are changes in the relative peak 
intensities related to the shifts in allotropic structure of the carbon as shown in Figure 
2.16 [105].  
Figure 2.16 A schematic diagram of the D and G Raman peaks in a typical amorphous carbon film [105]. 
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After collecting the experimental data the Raman spectra were deconvoluted into the D 
and G carbon peaks using a combination of Renishaw WiRE and OriginPro. Gaussian 
peak fitting was used to deconvolute the D and G peaks as amorphous films are 
disordered [101].  This provided semi-quantifiable data to compare the carbon peak 
positions before and after exposure to high-temperature high-pressure water.   
The Raman data collected in this EngD project was used in conjunction with 
nanoindentation data as they are both relatively quick and simple methods to 
characterise coating graphitisation and hydrothermal stability performance in 
amorphous carbon coatings.  
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2.4.6 Focused ion beam milling 
Focused ion beam milling was used to prepare the samples for scanning electron 
microscopy, energy-dispersive x-ray spectroscopy, transmission electron microscopy, 
and electron energy loss spectroscopy. The FIB equipment was the FEI Quanta 200 3D 
at the University of Sheffield. 
Focused ion beam milling was chosen over other methods like sectioning, grinding and 
polishing or fracturing of the samples because the fragile structure of the spalled area 
would have been compromised by other available techniques [106]. It also allowed 
specific sections of the sample to be chosen easily which would be difficult with 
preparation by dimpling. 
FIB does however sometimes have issues with the preferential milling of certain 
materials within the 
samples. Much like the 
different rates of 
deposition in the coating 
rigs this is due to the 
different sputter rates of 
each material [106]. For 
this reason it was 
important to also prepare 
as-received coating 
samples to compare any 
changes in features. This 
Figure 2.17 Focused ion beam trenches situated on edge of spalled Coating 
Type A. 
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helped to determine whether 
characteristics originated 
from material degradation 
due to autoclave exposure or 
the focused ion beam 
milling itself.  
There can also be issues 
with gallium ion 
implantation from the milling beam and also resputter of the milled material onto 
features in the sample. It is therefore useful to determine the composition of the 
substrate during elemental analysis to understand the origin of unexpected 
compositional elements. 
The technique was used to prepare TEM foils of Coating Type A in several different 
conditions; as-received; after the 2 year autoclave test at CAPCIS; and after the 7 day 
autoclave test at the University of 
Manchester, as well as producing a 
cross-section of the coating for 
study in the SEM. It was also used 
to prepare TEM foils of Coating 
Types B and C to determine the 
structure, composition and bonding 
in their interlayers to analyse useful 
Figure 2.19 Position of Omniprobe on sample 
substrate during attachment to copper TEM grid. 
Figure 2.18 Schematic diagram of the TEM foil prepared from 
Coating Type A after the 2 year autoclave test. 
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features for coating stability in high temperature water conditions. 
For the spalled coating sample the milled area was positioned on the edge of the step 
where the amorphous carbon film had delaminated as shown in Figure 2.17. This 
position was chosen so that the different layers in the cracked area and near the crack tip 
could be examined while leaving a section of the exposed substrate. It was necessary to 
attach the omniprobe to the exposed substrate during lift-out and manipulation of the 
sample as in Figure 2.18 and Figure 2.19. If the omniprobe was attached to the fragile 
partially delaminated amorphous carbon film there would be a chance of it separating 
during the lift-out process. This was due to cracking from the autoclave testing observed 
during the milling at the edge of the delaminated step during the preparation of the 
coating TEM foil. 
As the amorphous carbon coatings had similar properties to the protective layer it was 
necessary to apply a relatively thick 5μm protective carbon deposition in the FIB 
instrument in order to protect the area of interest during milling. Some experimenting 
was necessary in order to mill the coating and substrate trenches while leaving the 
structure of the delaminated coating in the central foil intact.  
The focused ion beam was also used for some imaging of the sample during milling to 
determine possible features of interest as it gave a more detailed image of the samples 
than the SEM also installed with the equipment. 
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2.4.7 Scanning electron microscopy  
The FEI Inspect F scanning electron microscope (SEM) was used to examine the 
structure of the coating in a FIB cross-section. An SEM uses an electron beam to scan 
the surface of the sample in a raster pattern causing disruptions in an interaction volume 
within the material as shown in Figure 2.20 [107]. The changes in the secondary 
electrons emitted, or reflected backscattered electrons, are then picked up by detectors 
and used to produce detailed micrographs of the target material. Secondary electrons are 
useful for studying the topography of the substrate due to image contrast caused by the 
‘edge effect’, whereby more secondary electrons are emitted near the edge or points of 
features as the interaction volume is closer to the surface of the material [108]. The 
SEM can also give some information about the relative atomic number of the elements 
in the interaction volume. Heavy elements are better at backscattering electrons in the 
samples and so appeared 
brighter in the contrast 
of the image produced 
[109]. These 
backscattered electrons 
can also cause further 
emission of secondary 
electrons which increase 
brightness in SE 
micrographs. This 
project used a 
combination of SE and 
Figure 2.20 Schematic diagram of electron beam interaction [107]. 
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BS detectors during the scanning electron microscopy characterisation to gain insights 
into the coating topologies and compositions. 
In this project the scanning electron microscope was mainly used to analyse the 
topography of the open pathway running through the upper layers of Coating Type A 
after exposure in the 2 year autoclave experiment. This technique was chosen as it 
allowed a better initial understanding of the coating degradation mechanism as different 
mechanical or chemical processes would have dissimilar appearances. The FEI Quanta 
200 3D also had the capability to capture micrographs with SEM but the imaging 
resolution of the Inspect F was more suitable for examining the fine feature topography 
found in the samples of this project. The cross-section site was chosen to be the stepped 
edge of the spalled amorphous carbon coating in Coating Type A after exposure to the 
autoclave testing. Scanning electron microscopy was used to analyse the overall 
structure of the coating and determine the layer through which the degradation 
mechanism was progressing.  
Some elemental mapping of Coating Type A was also conducted by energy-dispersive 
x-ray spectroscopy in conjunction with scanning electron microscopy to determine the 
composition of the coating near the tip of the crack seen in the FIB milling. This was an 
attempt to analyse the chemical effects occurring at the crack tip to see if they were 
causing further propagation. 
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2.4.8 Transmission electron microscopy 
In order to better understand the mechanisms of material degradation the samples were 
examined using the JEOL JEM-2010F and JEOL R005 transmission electron 
microscopes at the University of Sheffield. The TEM produced images of the ultra-thin 
samples by passing a focused beam of electrons through the material. The electrons that 
pass through the sample then form a transmission illumination on the detectors which 
could then be recorded with the CCD camera. This project also used scanning 
transmission electron microscopy (STEM) to scan the surface of the sample to produce 
micrographs for mapping and linescans in energy dispersive X-ray spectroscopy and 
electron energy loss spectroscopy. The TEM was used to increase the resolution of the 
sample imaging from the SEM study in order to analyse the development of detailed 
features in the coating 
structures before and after 
exposure to the autoclave 
testing. The TEM was 
conducted in parallel with 
EDX and EELS to 
determine the 
composition of each of 
the thin layers in the 
coatings.  
The sample imaging was 
conducted in both annular 
dark field (ADF) and 
Figure 2.21 Schematic diagram of STEM image formation [110]. 
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bright field (BF) detection modes. The schematic diagram in Figure 2.21 shows the 
positioning of the two detectors [110]. The annular dark field detector collects electrons 
incoherently scattered through higher angles to produce images with atomic number 
contrast, with heavier atoms appearing brighter. The collection efficiency is higher than 
BF imaging as the annular detector is larger than the BF on-axis detector. The bright 
field detector produces image contrast through measuring Bragg interference in the cone 
of illumination on-axis with the electron beam. The image contrast can be harder to 
interpret when compared to ADF micrographs as bright field images are affected by 
sample thickness and phase contrast. The detectors are often used together to with 
EELS and EDX to gain a better interpretation and understanding of the sample.  
The work with the JEOL JEM-2010F field emission gun TEM microscope on Coating 
Types A and B was conducted at 200kV. An as-received sample of Coating Type A was 
prepared in addition to the autoclave exposed samples to compare the features caused 
by the autoclave experiments and those caused by the focused ion beam milling during 
the sample preparation. A sample of Coating Type A from the 7 day autoclave test at 
the University of Manchester was analysed with the TEM to determine the method of 
material degradation seen in the spallation of the coating during the experiment. A 
sample of Coating Type A that went into the 2 year CAPCIS autoclave study was also 
examined to analyse the features, composition, and bonding of the layers found in the 
coating observed with the scanning electron microscope. 
Finally, transmission electron microscopy was used to compare the structure, 
composition, and bonding in the commercial coatings and the depositions from the 
University of Akron to look for features that affect the performance of the coatings 
during the autoclave testing. The work on Coating Type C was performed on the JEOL 
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R005 aberration corrected microscope at 300kV. The equipment uses two asymmetrical 
lenses to correct the aberrations in the electron lenses and provide electron beam focus 
to <1Å diameter [111].   
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2.4.9 Energy-dispersive x-ray spectroscopy 
The technique of energy-dispersive x-ray spectroscopy (EDX) was used to analyse the 
composition of the coatings in the scanning electron microscope and transmission 
electron microscope. EDX works by detecting the X-rays generated from the interaction 
volume when the sample is bombarded with a high energy electron beam. Quantitative 
analysis of the X-ray spectrum emitted is then used to determine the local chemical 
composition of the material by matching energy levels with corresponding atomic shells 
for each of the elements present. Like scanning electron microscopy the beam can also 
be used to raster scan the surface to produce elemental maps or line-scans. 
When used in a scanning electron microscope the spatial resolution is determined by the 
interaction volume of the electron beam with the sample material as in Figure 2.18 
[107]. The volume also depends on the density of the material and the accelerating 
voltage, increasing with lower z numbers and increasing voltage. When used in the 
TEM the X-rays emitted are from a far smaller interaction volume depth as the prepared 
samples are extremely thin. This gives a better spatial resolution as the X-rays detected 
are from a focused area under the electron beam. An advantage of EDX is that it is good 
at picking up heavier elements as the L and M peaks from electron shells are usually 
higher than the background signal compared with the K peaks. 
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2.4.10 Electron energy loss spectroscopy 
Electron energy loss spectroscopy (EELS) was used to analyse the composition and 
bonding in each of the coating layers before and after exposure in order to determine the 
mechanisms involved in deposition and degradation of the coatings.  
EELS can be used to analyse the samples by passing a beam of electrons with a low 
range of known energies through the material and measuring the change in energy loss 
as they undergo inelastic scattering as shown schematically in Figure 2.22 [112]. The 
energy loss spectrum detected will have peaks corresponding to these atomic 
interactions that match with certain elemental features of the material. The samples 
needed to be very thin for EELs to work effectively as the scattered electrons rely on 
passing through the entire sample to produce the spectra. 
Electron energy loss spectroscopy is a complementary technique to energy-dispersive x-
ray spectroscopy as they both have different advantages in analysing the presence of 
different elements in the 
sample. Electron energy 
loss spectroscopy is better 
at measuring lighter 
elements as the energy 
loss spectra signals are 
stronger when less energy 
is lost during scattering. 
  
Figure 2.22 Electron energy loss from atoms in the material [112]. 
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2.5 Summary 
This chapter outlined the materials and the experimental methods used to investigate the 
project objectives. The chapter detailed the coating types and substrates used, as well as 
the experimental methods and their desired contribution to knowledge. 
The following two chapters cover the results of the experimental investigations and are 
followed by a discussion of their meaning. 
Chapter 3 details the investigation into the hydrothermal stability of amorphous carbon 
coatings in high-temperature high-pressure water. 
Chapter 4 details the effects of different amorphous carbon coating properties on 
hydrothermal stability performance and failure in high-temperature high-pressure water. 
Chapter 5 is a discussion of these results and what they mean in the context of the aims 
of the thesis. 
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Chapter 3: Hydrothermal stability of amorphous 
carbon coating properties in high-temperature 
high-pressure water  
3.1 Introduction 
This chapter details the results of the first aim to investigation into the hydrothermal 
stability of the four amorphous carbon coating types of interest to Rolls-Royce.   
Rolls-Royce had previously conducted work in order to identify coatings that perform 
well when exposed to hydrothermal conditions found in pressurised water reactors, 
examining a significant variety of commercial coatings as shown in Table 1 (p.34). 
From these tests Rolls-Royce identified two commercial amorphous carbon coatings for 
further investigation in order to find their hydrothermal stability limits, Coating Type A 
and Coating Type B.    
The first step to understanding the hydrothermal performance of the coatings was to 
determine the level of degradation when exposed to high temperature water 
environments in a Parr bomb pressure vessel. If the coating did not adhere to the 
component substrate during even the relatively low operational conditions then any 
advantageous tribological properties it had were irrelevant to the eventual PWR 
application. 
The experimental testing initially focused on these two coatings in order to gain an 
understanding of their stability performance in hydrothermal conditions before then 
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conducting further autoclave experiments at a higher temperature, also including 
laboratory prototype Coatings C and D for comparison. 
The hydrothermal stability of the coatings was then assessed by comparing optical 
microscopy, nanoindentation, and Raman spectroscopy before and after exposure to 
high-temperature high-pressure water. 
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3.2 Parr bomb results 
3.2.1 Coating Type A  
The coating sample used had a slight pre-existing scratch on the surface as shown on the 
right section in Figure 3.1 but this did not lead to any significant localised spallation of 
the coating after the experiment as shown in Figure 3.2. 
Figure 3.1 Coating Type A before the 24 hour Parr bomb experiment. 
Figure 3.2 Coating Type A after the 24 hour Parr bomb experiment. 
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Figure 3.3 shows an optical micrograph of the as-received surface of Coating Type A. 
Following the Parr bomb experiment at 240°C for 24 hours the coating did not suffer 
any film spallation, as shown in the optical micrograph in Figure 3.4. There was some 
evidence of contamination on the surface of the sample and in the water during the 24 
hour Parr bomb experiment, as shown in Figure 3.4, but the a-C:H coating itself was 
intact across the sample. The observed contamination is discussed in section 3.2.3 
Figure 3.4 An optical micrograph of the surface of Coating Type A after the 24 hour 
Parr bomb experiment. 
 Surface Contamination 
Figure 3.3 An optical micrograph of the as-received surface of Coating Type A 
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where the water and particulate matter was analysed by inductively coupled plasma 
mass spectrometry. 
When the experiment was repeated for the 7 day Parr bomb exposure there was also no 
sign of any coating spallation anywhere on the surface of the sample. During the 
experiments the appearance of the coating in Figure 3.5 remained similar to that of the 
as-received sample as in Figure 2.1.  
Neither of the Parr bomb experiments on Coating Type A caused any film spallation as 
previously seen in the coating at higher temperatures in the autoclave. In order to study 
the degradation mechanisms for the coating previously observed by Rolls-Royce it was 
necessary to perform further experiments in the autoclave to achieve higher water 
temperatures with a better control of the experimental conditions.  
Figure 3.5 An optical micrograph of the surface of Coating Type A after the 7 day 
hour Parr bomb experiment. 
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3.2.2 Coating Type B 
Figure 3.7 shows a Coating Type B sample after the 24 hour Parr bomb test. Although 
there were no signs of spallation when compared with the as-received a-C coating 
shown in Figure 3.6 there appeared to be adherent scales attached to some areas of the 
coating from the contamination in the vessel which was studied by inductively coupled 
plasma mass spectrometry in section 3.2.3.  
The 7 day Parr bomb experiment also did not cause any obvious degradation or 
spallation of the coating, as shown in Figure 3.8. These results were as expected as 
Coating Type B was previously found stable during higher temperature exposure for the 
two year experiment with the autoclave CAPCIS testing. Unfortunately there was also 
still some uncertainty associated with the results and subsequent characterisation 
methods as contamination was found in the vessel after the experiment. The 
contamination of the vessel was studied using inductively coupled plasma mass 
spectrometry as recorded in the following section of this thesis. The contamination 
could have affected the results of the experiment by causing premature material 
Figure 3.6 An optical micrograph of the as-received surface of Coating Type B 
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degradation through corrosion mechanisms not expected to be present in the planned 
environment of high temperature deionised water. 
 Due to concerns over the contamination of the shared vessel, water samples were 
studied by inductively coupled plasma mass spectrometry to determine the source. Even 
with the added risk of additional corrosion mechanisms due to the contamination shown 
in Table 4 the Parr bomb tests at 240°C were not enough to cause delamination of the 
Figure 3.7 An optical micrograph of the surface of Coating Type B after the 24 hour 
Parr bomb experiment 
Figure 3.8 An optical micrograph of the surface of Coating Type B after the 7 
day Parr bomb experiment. 
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coatings so further experiments at 280°C in an autoclave were planned to determine 
their hydrothermal stability limits with additional environmental monitoring and 
control.  
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3.2.3 Inductively coupled plasma mass spectrometry results 
Inductively coupled plasma mass spectrometry of the water samples taken from after the 
7 day Parr bomb experiments revealed that the red particulates observed in the water 
were predominantly iron based, with several other chemical additions present as 
recorded in Table 4. Some of the other elements measured like aluminium, copper and 
zinc are not present in the coatings or substrates as later examined by EDX and EELS 
which indicates contamination of the vessel from another source.  
As the tests in this project were conducted in a shared lab and near the limit of Parr 
bomb design temperature the contamination could have been due to remaining corrosion 
material from other experiments leaching into the water from the surface of the PTFE 
cup material. Some, but not all, of the elements present could have also been from 
corrosion of the steel substrates. A reduction in concentration of the unexpected 
elements in parts per billion between the experiment with Coating Type A and 
subsequent Coating Type B test suggests leaching of material from previous 
experiments in the PTFE cup at high temperature that were later removed when the 
vessel was cleaned between tests.  
It was possible that the addition of these elements would have resulted in deleterious 
chemical and mechanical processes occurring in the vessel; however, there was no 
significant degradation in any of the exposed coating samples. The uncertainties due to 
the contamination in the Parr bomb experiments were later reduced during the autoclave 
experiment at the University of Manchester as there was far more control of the 
environmental conditions. Measuring the conductivity of the deionised water during the 
experiment could have helped reduce the uncertainty with regards to the unwanted 
contamination.   
91 
 
Table 4 Inductively coupled plasma mass spectrometry of the liquid and particulates 
from the 7 day Parr bomb water samples. 
Element 
ppb 
Coating Type 
A (liquid) 
Coating Type 
B (liquid) 
Coating Type 
A 
(particulates) 
Coating Type 
B 
(particulates) 
Ag 0.0 0.0 0.4 0.3 
Al 61.8 44.3 1965.4 186.3 
As 1.6 8.7 9.0 0.0 
Ba 4.4 16.2 56.4 14.5 
Ce 0.0 0.0 10.0 0.5 
Co 0.0 0.0 22.2 2.3 
Cr 0.7 16.0 480.2 14.5 
Cu 13.0 11.7 328.3 411.2 
Fe 3.2 5.4 62974.6 2142.2 
Ga 0.1 0.5 0.0 0.0 
Li 0.2 0.6 0.0 0.5 
Mn 4.1 2.6 322.5 17.3 
Mo 30.0 10.0 0.0 0.0 
Nd 0.0 0.0 0.7 0.0 
Ni 19.3 3.6 232.6 411.3 
Pb 0.0 0.0 11.9 3.8 
Rb 0.9 2.0 0.0 0.0 
Se 0.0 0.0 1.1 1.4 
Sr 0.9 2.7 0.7 0.0 
V 0.3 0.5 2.8 0.0 
Zn 11.5 0.9 141.6 53.1 
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3.3 Autoclave results 
The initial impression from the autoclave experiment at the University of Manchester 
was that Coating Types B, C and D appeared to have survived the experiment intact 
whereas Coating Type A suffered partial spallation across the coated surface. 
3.3.1 Coating Type A 
Figure 3.9 shows a photograph of Coating Type A after the 7 day exposure, with 
patches of the a-C:H coating spalled off across the surface of the sample. Some areas of 
coating that remained adherent 
also appeared slightly 
discoloured.  
Previous autoclave testing by 
Rolls-Royce had shown that 
amorphous carbon film 
spallation occurs in Coating 
Type A at temperatures around 
300°C so the autoclave 
exposure experiments at 280°C 
at the University of Manchester 
were expected to result in some 
degradation of the coating.  
Optical microscopy of the 
sample surface showed that Figure 3.9 Partially spalled surface of Coating Type A after the 7 day 
autoclave test. 
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some areas have a lot of the amorphous carbon coating spalled away to reveal the 
underlying interlayers, as shown in Figure 3.10, but in some sections the coating has 
stayed relatively intact, as in Figure 3.11 
 
   
Figure 3.10 An optical micrograph of the spalled surface of Coating Type A after 
the 7 day autoclave experiment. 
Figure 3.11 An optical micrograph of the intact surface of Coating Type A after the 7 
day autoclave experiment. 
 Spalled area of the coating 
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3.3.2 Coating Type B 
As expected based on the results of the previous Rolls-Royce experiments the 
appearance of Coating Type B did not change over the course of the exposure, as shown 
in Figure 3.12. The amorphous carbon did not spall away as seen with Coating Type A 
and remained in a state similar to when it was put into the autoclave at Manchester. For 
Coating Type B there was previously no indication of significant coating degradation at 
this temperature so there was no film spallation expected during testing. The result 
supports the previous Rolls-Royce autoclave studies and shows the hydrothermal 
stability of the amorphous carbon film and interlayer coating system. 
  
Figure 3.12 An optical micrograph of the surface of Coating Type B after the 7 day 
autoclave experiment. 
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3.3.3 Coating Type C 
The as-received Coating Type C shown in Figure 3.13 did not display any obvious signs 
of film spallation after the exposure in the autoclave presented in Figure 3.14  There 
was a slight interference pattern around the edges of the normally uniform dark grey a-
C:Cr film following the experiment which could indicate compositional and/ or 
Figure 3.14 An optical micrograph of the surface of Coating Type C after the 7 day 
autoclave experiment. 
Figure 3.13 An optical micrograph of the as-received surface of Coating Type C. 
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structural changes in the carbon film or interlayers causing optical refraction shifts in 
the observed coating sample [104].   
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3.3.4 Coating Type D 
When compared with the as-received coating surface in Figure 3.15 the amorphous 
carbon film in Coating Type D also appeared to have remained intact during the 7 day 
autoclave experiment with no exposes of the interlayer materials across the a-C:Ti 
coated surface during optical microscopy as shown in Figure 3.16.  
Figure 3.16 An optical micrograph of the surface of Coating Type D after the 7 day 
autoclave experiment. 
Figure 3.15 An optical micrograph of the as-received surface of Coating Type D. 
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3.4 Scratch adhesion testing results 
Figure 3.17 shows the results of the scratch adhesion testing on the as-received 
amorphous carbon Coating Type A. A composite optical micrograph of the entire 
scratch was aligned above the graph of force against scratch distance to show changes in 
appearance with the increasing applied load. There are also two additional micrographs 
Figure 3.17 Graph of force against scratch distance for Coating Type A with aligned optical micrographs.  
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for each of the scratches to show points at which significant changes in the appearance 
of the scratch surface occurred. Due to the depth of the scratches sometimes the upper 
portions were out of focus when looking at the deeper features within.  
The as-received amorphous carbon Coating Type A showed signs of coating adhesion 
failure in the optical microscope with conformal cracking at an applied scratch load of 
around 40N [95]. The frictional force remained low until a load of around 70N, where 
Figure 3.18 Graph of force against scratch distance for Coating Type B with aligned optical micrographs. 
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the wear increased significantly and gross spallation of the coating occurred. 
In Figure 3.18 the results of the scratch adhesion test on Coating Type B are recorded. 
When compared with Coating Type A the scratch width and depth were larger at the 
same load and the underlying interlayers were revealed earlier, with conformal cracking 
at loads of around 20N. At higher applied loads the frictional force increased linearly, 
Figure 3.19 Graph of force against scratch distance for Coating Type C with aligned optical micrographs. 
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but finished lower than that observed in Coating Type A - although gross film spallation 
was clearly visible.  
The results of the scratch adhesion test on Coating Type C are shown in Figure 3.19. At 
loads of around 25N cohesive cracking of the amorphous carbon was shown to cause 
delamination of the functional top layer, to reveal the interlayers below. As the load 
Figure 3.20 Graph of force against scratch distance for Coating Type D with aligned optical micrographs. 
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increased, the amount of coating delamination grew and the frictional force continued to 
increase linearly with increasing load, as seen for Coating Type B. 
With Coating Type D the film first showed signs of adhesive failure in the sample 
scratches at loads just below 20N, as illustrated in Figure 3.20. As with Coating Types 
B and C, the frictional force increased linearly with the increasing applied load and 
extensive adhesive failure was observed at higher loads. 
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3.5 Nanoindentation results 
Figure 3.21 shows the nanoindentation results in a bar chart of coating hardness against 
coating type and treatment condition. For Coating Type A the remaining amorphous 
carbon film was indented to obtain the measurements rather than the exposed interlayer 
materials.   
Coating Type A showed a slight reduction in coating hardness of 2GPa from over 
21GPa in the as-received state to around 19.5GPa after the 7 day autoclave and 7 day 
Parr bomb testing, however the standard deviations were high, limiting the 
interpretation of the data. Coating hardness after the 24hr Parr bomb test was lower, 
around 15GPa, which was a reduction of 6GPa. This outcome was unexpected as the 
Figure 3.21 Nanoindentation hardness (GPa) results against coating types with different exposures. 
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reduction in hardness was greater than for the longer 7 day Parr bomb test under the 
same conditions. This result might have been due to the roughness of the older a-C:H 
coating samples causing  issues with the nanoindentation geometry. Ridges in the 
surface topography meant that the tip was often measuring in either a peak or trough in 
the surface as seen the in the optical profilometry image in Figure 2.4. This is reflected 
in high standard deviations in the hardness data for the samples and the lower result for 
the 24hour Parr bomb test could be due to a particularly rough portion limiting the 
collected data to softer areas of the film surface.  
The hardness values measured after the 24hr Parr bomb tests might have also been 
influenced by a layer of vessel contaminants on the sample surface, as seen in the 
optical microscopy and ICPMS. The measured hardness could have included 
components from both the coating and contaminants, which might explain why both 
have shifted towards a common hardness value compared to the other tests. 
The hardness of the exposed Coating Type B samples remained very similar to that of 
the as-deposited sample in both of the autoclave tests, all around 10GPa.  However the 
24 hour Parr bomb experiment gave a measured hardness higher than the as received 
coating at just over 12GPa, although again when taking the standard deviations into 
account the results are similar. The measured nanohardness values for the as-received 
Coating Types A and B were very similar to the values recorded by Rolls-Royce in 
previous testing and stated by the manufacturers [1].  
Coating Type C showed a reduction in coating hardness of around 4GPa after the 7 day 
exposure in the autoclave. This drop in a-C:Cr coating hardness could be the result of 
changes in the amorphous carbon coating properties or bonding, which might also be 
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related to the film discolouration seen in the optical microscopy as changes in carbon 
bonding type from sp3 to sp2 can also result in optical changes [104]. 
After the 7 day autoclave testing of Coating Type D the measured hardness of the 
sample was very similar to that of the as-deposited coating. When combined with the 
unchanged appearance of the a-C:Ti coating surface in the optical microscopy the 
results would suggest that the coating has good hydrothermal stability. 
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3.6 Raman results 
Raman spectroscopy was conducted on the coatings to observe any trends in the 
material properties after the high temperature water tests. The spectra in this section 
show plots of the Raman shift against intensity. The intensity plotted on the Y axis was 
translated into arbitrary units to directly compare the spectra, with each data series 
offset to avoid overlap. 
Figure 3.22 shows the deconvoluted carbon D and G peaks for the Raman spectra of the 
as-received Coating Type A. The shape of the spectrum is characteristic of an 
amorphous carbon coating with a significant proportion of sp
3
 bonding with the D peak 
at 1390cm
-1
 and G peak at 1564cm
-1
, but the presence of the shoulder caused by the D 
to G peak intensity  ratio of 0.9  suggests the film is not a fully tetrahedral amorphous 
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Figure 3.22 Deconvoluted Raman peaks for Coating Type A as-received. 
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carbon and there is some sp
2
 bonding [113]. 
Table 5 shows the data for the peak positions and intensities for Coating Type A. It also 
has the intensity ID/IG ratio for the peaks to show how they changed with exposure to 
high-temperature high-pressure water. 
The Raman spectrum for the same coating after the 24 hour Parr bomb test is shown in 
Figure 3.23. The intensity of the D peak relative to the G peak has increased 
significantly to 1.16, while the G peak has moved to a higher wavenumber at 1572cm
-1 
and become sharper,  indicating graphitisation of the coating surface with the exposure 
to high-temperature water [114]. 
In Figure 3.24 for the 7 day Parr bomb test the position of the G peak has increased 
further to 1575 cm
-1
 and the ID/IG ratio has also increased to 1.18 indicating additional 
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Figure 3.23 Deconvoluted Raman peaks for Coating Type A after the 24 hour 240°C Parr bomb test. 
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graphitisation at the surface as the duration of the experiment was increased whilst the 
temperature stayed the same. 
Figure 3.25 shows the spectrum for Coating Type A after the 7 day autoclave 
experiment. When compared with the as-received coating there is a definite increase in 
the G peak position to 1575cm
-1
,  the same as recorded for the 7 day Parr bomb 
experiment, however  the ID/IG ratio only increased to 1.04 as the relative intensity 
increase of the D peak was lower. 
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Figure 3.24 Deconvoluted Raman peaks for Coating Type A after the 7 day 240°C Parr bomb test. 
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Figure 3.26 shows the evolution of Coating Type A during the Parr bomb experiments. 
As the exposure duration increased there was a clear increase in the relative intensity of 
the D peak at around 1350cm
-1
 and a slight shift of the G peak to higher wavenumber 
from 1564 to 1575cm
-1 
These changes in the spectra indicated the increasing 
graphitisation of the a-C:H film with increased exposure [103]. 
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Figure 3.25 Deconvoluted Raman peaks for Coating Type A after the 7 day 280°C autoclave test. 
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Table 5 Deconvoluted Raman peak data for Coating Type A. 
Coating Exposure 
D Peak Position 
(cm
-1
) 
G Peak Position 
(cm
-1
) 
ID IG ID/IG 
As-received 1390 1564 0.61 0.67 0.91 
Parr Bomb 24 Hours 1364 1572 0.80 0.69 1.16 
Parr Bomb 7 Days 1358 1575 0.85 0.72 1.18 
Autoclave 7 Days 1368 1575 0.75 0.72 1.04 
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Figure 3.26 Evolution of Coating Type A Raman spectrum with increasing water temperatures and exposure lengths. 
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Figure 3.27 shows the Raman spectrum for Coating Type B in the as-received state. 
When compared to Coating Type A the amorphous carbon films starts out a lot more 
graphitic in nature, with a G peak at 1578cm
-1
 and an ID/IG ratio of 1.54.  
The Raman spectrum for the coating after the 24 hour Parr bomb experiment is shown 
in Figure 3.28. The data shows no large changes from the as-received coating when 
compared with those seen with Coating Type A, as the G peak has moved to 1582cm
-1
 
and the ID/IG ratio was slightly lowered to 1.50. 
The results of the 7 day Parr bomb experiment were similar to those of the 24 hour test 
at the same temperature, with the G peak at 1581cm
-1
 and the ID/IG ratio the same at 
1.50. 
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Figure 3.27 Deconvoluted Raman peaks for Coating Type B as-received. 
112 
 
As with Coating Type A the results of the 7 day autoclave test also showed a similar G 
peak position to the 7 day Parr bomb test, this time at 1574cm
-1
, however the ID/IG ratio 
was lower than that measured in the as-received coating, down from 1.54 to 1.42. 
Table 6 shows the data for the deconvoluted Raman peaks for Coating Type B during 
the high-temperature water experiments and Figure 3.31shows the evolution of the 
coating with increasing temperature and duration. Coating Type B showed no large 
shifts in the Raman spectra after the autoclave tests when compared with the as-received 
coatings, suggesting the coating had better hydrothermal stability than Coating Type A. 
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Figure 3.28 Deconvoluted Raman peaks for Coating Type B after the 24 hour 240°C Parr bomb test. 
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Figure 3.30 Deconvoluted Raman peaks for Coating Type B after the 7 day 240°C Parr bomb test. 
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Figure 3.29 Deconvoluted Raman peaks for Coating Type B after the 7 day 280°C autoclave test. 
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Table 6 Deconvoluted Raman peak data for Coating Type B. 
Coating Exposure 
D Peak Position 
(cm
-1
) 
G Peak Position 
(cm
-1
) 
ID IG ID/IG 
As-received 1379 1578 0.86 0.56 1.54 
Parr Bomb 24 Hours 1383 1582 0.84 0.56 1.50 
Parr Bomb 7 Days 1385 1581 0.86 0.57 1.50 
Autoclave 7 Days 1385 1578 0.84 0.59 1.42 
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Figure 3.31 Evolution of Coating Type B Raman spectrum with increasing water temperatures and exposure lengths. 
7 day 280°C Autoclave 
7 day 240°C Parr Bomb 
24hr 240°C Parr Bomb 
As-received Coating 
115 
 
Figure 3.32 shows the deconvoluted Raman peaks for the as-received chromium doped 
amorphous carbon Coating Type C. The G peak at 1565 is similar to that of Coating 
Type A but the ID/IG ratio is higher than Coating type B. The increased ID/IG ratio and G 
peak position can be attributed to the chromium doping causing increased clustering of 
sp
2
 rings in the coating [115]. Table 7 and Figure 3.34 show the evolution of Coating 
Type C after 7 days in the autoclave at 280°C.   
After exposure in the autoclave the G peak position increased significantly to 1580cm
-1
 
but the ID/IG ratio dropped slightly to 1.71, as shown in Figure 3.33. The movement of 
the G peak to higher wavenumber would suggest graphitisation of the coating, however 
the chromium doping complicates the analysis of ID/IG ratio as the resultant clustering 
increases the ratio compared with an undoped amorphous carbon coating [116]. 
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Figure 3.32 Deconvoluted Raman peaks for Coating Type C as-received. 
1000 1100 1200 1300 1400 1500 1600 1700 1800
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1580
GI
n
te
n
s
it
y
 (
a
rb
it
ra
ry
 u
n
it
s
)
Raman Shift (cm-1)
D
1382
Figure 3.33 Deconvoluted Raman peaks for Coating Type C after the 7 day 280°C autoclave test. 
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Table 7 Deconvoluted Raman peak data for Coating Type C. 
Coating Exposure 
D Peak Position 
(cm
-1
) 
G Peak Position 
(cm
-1
) 
ID IG ID/IG 
As-received 1376 1565 0.87 0.50 1.74 
Autoclave 7 Days 1382 1580 0.89 0.52 1.71 
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Figure 3.34 Evolution of the as-received Coating Type C Raman spectrum with autoclave exposure at 280°C. 
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The result of the Raman spectroscopy of the as-received Coating Type D is shown in 
Figure 3.35. The G peak for the a-C:Ti coating starts similar to Coating Type C at 
1566cm
-1
 but the ID/IG ratio was the highest measured for any of the coatings at 1.91. As 
with the chromium doped coating this high ID/IG ratio could be due to the effect of 
metallic doping on the clustering of the carbon in the coating. 
After autoclave exposure the wavenumber of the G peak increased from 1566cm
-1 
to 
1580cm
-1
, which was the same wavelength as Coating Type C reached, and the ID/IG 
ratio decreased to 1.77 which was also closer to the results of the autoclave exposure on 
the other lab-deposited film. Figure 3.37 and Table 8 show how the coating changed 
before and after the autoclave exposure.      .  
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Figure 3.35 Deconvoluted Raman peaks for Coating Type D as-received. 
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Figure 3.36 Deconvoluted Raman peaks for Coating Type D after the 7 day 280°C autoclave test. 
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Table 8 Deconvoluted Raman peak data for Coating Type D. 
Coating Exposure 
D Peak Position 
(cm
-1
) 
G Peak Position 
(cm
-1
) 
ID IG ID/IG 
As-received 1378 1566 0.90 0.47 1.91 
Autoclave 7 Days 1390 1580 0.83 0.47 1.77 
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Figure 3.37 Evolution of the as-received Coating Type D Raman spectrum with autoclave exposure at 280°C. 
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3.7 Summary  
The main results from the experimental investigations were that Coating Types A and C 
had poorer hydrothermal stability based on their changes in hardness and Raman data, 
with delamination of Coating A at high temperatures in the autoclave.  
In comparison Coating Types B and D performed relatively well, maintaining their 
material properties closer to their as-received values when measured by nanoindentation 
and Raman spectroscopy after pressure vessel exposure. The influence of the Cr and Ti 
dopants appeared to give coatings improved thermal stability in the autoclave as the 
increased sp
2
 clustering in the as-received coatings measured by Raman spectroscopy 
meant that the property changes due to graphitisation were reduced. 
The next chapter will explore the second aim of the thesis, understanding the effect 
different amorphous carbon coating properties have on performance and failure in high-
temperature high-pressure water.    
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Chapter 4: The effect of amorphous carbon 
coating compositions and structures on 
performance in high-temperature high-pressure 
water  
4.1 Introduction 
One of the aims of this project was to obtain a better understanding of the spallation 
mechanism exhibited by some of the commercial coatings during the initial autoclave 
tests. 
Coating Type A will be the main focus of this study as Rolls-Royce were interested in 
attaining an improved understanding of the spallation mechanism encountered in their 
previous work. The coating could be made to fail consistently in the higher temperature 
autoclave testing but without total delamination of the film. This meant that it was 
possible to study the spallation mechanism before the coating was completely detached 
from the substrate. 
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4.2 Scanning electron microscopy results 
Figure 4.1 shows a top-down view of Coating Type A after the 2 year CAPCIS tests. 
The dark area in the upper right side of the image was the remaining amorphous carbon 
film and the lighter area was where the a-C:H coating had spalled away. The edges of 
the coating spallation were quite sharp and well defined, suggesting the degradation had 
occurred at the same depth rather than failing in steps. In some areas the spalled edges 
of the coating had crevices beneath them suggesting they might be in the process of 
coming away, while other areas of the film maintained adherence up to the edge.  
Figure 4.1 A SEM micrograph of the spalled surface of Coating Type A after the 2 year autoclave test. 
 Remaining Coating 
 Exposed Interlayers 
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Figure 4.2 shows the site of the focused ion beam cross-section at the edge of the 
spalled coating. There is a layer of protective carbon on top of the film to prevent 
damage during the milling process. There are also defects present on the surface of the 
coating as previously seen in the optical micrographs in Figure 2.2.   
  
Figure 4.2 A SEM SE micrograph of the FIB cross-section of Coating Type A after the 2 year autoclave test. 
Stepped edge of the spalled coating 
 Defects on the surface of the coating 
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Figure 4.3 is an enlarged micrograph of the focused ion beam cross-section 
concentrating on the edge of the spalled coating. The crack is visible just below the 
amorphous carbon film extending from the edge of the spalled step and penetrating to 
around 7μm in this section of the coating. 
  
Figure 4.3 A SEM SE micrograph of the FIB cross-section at the edge of Coating Type A after the 2 year autoclave test. 
Crack through coating layer 
Protective carbon layer 
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Figure 4.4 is a secondary electron SEM micrograph from the Inspect F of the coating 
FIB cross-section showing the cracking occurring in a layer below the dark amorphous 
carbon film. When compared to the structure of the as-received coating in the TEM 
sections in Figure 4.10 there also appeared to be some form of coating degradation 
ahead of the open cracked layer at the same depth.  
  
Figure 4.4 A SEM SE micrograph of crack in cross-section of Coating Type A after the 2 year autoclave test. 
 Crack through coating layer 
 Coating degradation ahead of open crack 
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Figure 4.5 is a backscattered electron micrograph of the same area to show greater 
contrast between the elements in the different layers. The brighter band below the 
cracked area correlates with the heavier chromium rich interlayer in the coating.  
  
Figure 4.5 A SEM BS micrograph of crack in cross-section of Coating Type A after the 2 year autoclave test. 
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Figure 4.6 shows a secondary electron micrograph of the area around the crack. The 
open area had a nodular texture suggesting a possible chemical degradation of the 
previously intact interlayer below the carbon film, however it was not yet clear whether 
this was chemical degradation (or another material degradation mechanism), without 
further investigation .  
 
 
Figure 4.6 A SEM SE micrograph of the cracked area in cross-section of Coating Type A after the 2 year autoclave test. 
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Figure 4.7 shows the topography inside the crack of Coating Type A where the nodular 
surface of the cracked area is shown in greater detail. The appearance of this crack 
would suggest a corrosion mechanism has occurred in the layer at some point during the 
experimental procedures. 
 
 
 
Figure 4.7 A SEM SE micrograph of the cracked area in cross-section of Coating Type A after the 2 year autoclave test. 
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Figure 4.8 shows a FIB cross-section of a crack in the coating layers at the edge of 
another spalled area of the coating. This crack did not display the rough features found 
in Figure 4.4 but instead had relatively clean pathway through the coating. 
 Figure 4.9 shows the corresponding backscattered electron image where the change in 
chemical composition of the cracked area from the surrounding material is shown by 
differences in image contrast. 
 
Figure 4.8 A SEM SE micrograph of crack in second cross-section of Coating Type A after the 2 year autoclave test. 
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The existence of cracked areas with both smooth and rough topologies would suggest 
that the clean crack occurs first, followed by further chemical degradation of the 
exposed interlayer materials. 
EDX was conducted on the FIB cross-section of Coating Type A alongside the SEM 
investigation. The EDX elemental mapping was initially focused at the relatively 
smooth crack tip as shown in Figure 4.10. The presence of carbon, chromium, nitrogen 
and oxygen was mapped to compare with the secondary electron and backscattered 
Figure 4.9 A SEM BS micrograph of crack in second cross-section of Coating Type A after the 2 year autoclave test. 
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electron images but the results were unconvincing due to the relative sizes of the 
interaction volume and features of interest.  
Figure 4.11 shows an EDX linescan of Coating Type A with the changes in carbon and 
chromium shown across a cross-section of the cracked coating. 
When it was apparent that the spatial resolution of the EDX in the SEM would not be 
high enough to determine the exact composition of the thin layers seen in the 
backscattered electron image it was decided that they instead would be characterised by 
EDX and EELS in the TEM. The EDX from the TEM samples is recorded in the 
following section.  
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Figure 4.11 EDX linescan across cracked area of Coating Type A with a comparison of the carbon and chromium 
composition in the coating. 
Figure 4.10 SE and BS SEM micrographs with corresponding carbon, chromium, nitrogen and oxygen EDX mapping.  
 SE  C 
 BS  N  O 
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4.3 Transmission electron microscopy results 
4.3.1 Coating Type A: As-received  
STEM was used in conjunction with EELS and EDX to analyse the amorphous carbon 
coatings in their as-received state and after exposure to the autoclave testing.  
Figure 4.12 and Figure 4.13 show STEM bright field cross-sections of Coating Type A 
in the as-received condition.  
Figure 4.12 STEM BF micrograph of as-received Coating Type A interfacial region. 
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Figure 4.12 shows the entire coating from the bright amorphous carbon layer, through 
the interlayer materials, down to the substrate. The darker grey layer at the top of the 
image is the protective carbon deposited before the focused ion beam milling to protect 
the coating.  
Figure 4.13 STEM BF micrograph of as-received Coating Type A interfacial region. 
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In Figure 4.13 the region just below the amorphous carbon is magnified to reveal 
several distinct layers as the structure and composition of the coating interlayer 
materials change. The interlayers of the coating were graded from chromium nitride into 
a chromium rich layer, then from this chromium rich layer the carbon was gradually 
increased before deposition of the functional amorphous carbon layer at the surface.  
The corresponding annular dark field image is shown in Figure 4.14. The contrast of the 
image is related to the Z number contrast of the elements present, with heavier elements 
Figure 4.14 STEM ADF micrograph of as-received Coating Type A interfacial region. 
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appearing brighter. There are several distinct interlayers in the coating with different 
compositions, the dark layer on the top of Figure 4.14 is the amorphous carbon and is 
then followed by a series of brighter strata containing the heavier element chromium.  In 
the as-received sample these different interlayers were studied by EELS and EDX.  
Figure 4.15 shows the EELS spectra for the amorphous carbon film in the as-received 
Coating Type A. The arrows next to the inlaid micrographs indicate the layer in which 
the spectrum was taken from. 
The a-C:H coating contains a strong carbon K-edge peak and no other energy loss 
peaks, with the peak shape indicating a typical undoped amorphous carbon coating 
[117]. 
Figure 4.15 An EELS spectrum from the amorphous carbon layer of Coating Type A. 
C K-edge 
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Figure 4.16 has both chromium L2 and L3 energy loss edges in addition to the now 
weakened carbon K edge indicating a transition from the amorphous carbon into a Cr/C 
interlayer.  
Figure 4.17 An EELS spectrum from the Cr/C transition layer of Coating Type A. 
C K-edge 
Cr L3, L2-edges 
Figure 4.16 An EELS spectrum from the Cr rich layer of Coating Type A. 
Cr L3, L2-edges 
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Figure 4.17 is the EELS spectrum from the brightest layer in the annular dark field 
micrograph in Figure 4.12. The spectrum from the layer contains just Cr which supports 
the Z contrast found in the ADF image.  
The coating interlayers then transition out of this Cr rich layer as shown in Figure 4.18 
with the introduction of the weak nitrogen edge as the coating enters the chromium 
nitride base layer in Figure 4.19.  
Figure 4.18 An EELS spectrum from the Cr/N transition layer of Coating Type A. 
Cr L3, L2-edges 
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Figure 4.19 An EELS spectrum from the CrN layer of Coating Type A. 
Cr L3, L2-edges 
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From the EELS characterisation of the as-received Coating Type A it was found that the 
TEM foil prepared by FIB was slightly too thick to give clear energy loss peaks relative 
to the background signal. It was decided to also conduct some EDX of the sample as the 
technique gives clearer elemental peaks with the greater interaction volume available.   
Figure 4.20 is an EDX spectrum from the amorphous carbon layer. As in Figure 4.15 
there was a strong carbon Kα peak from the undoped amorphous carbon film. There 
were also small traces of copper from the TEM grid, implanted gallium from the 
focused ion beam, and argon from the plasma deposition process. As EDX is better at 
detecting elements with higher atomic numbers these trace element peaks were stronger 
than in the EELS characterisation.  
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Figure 4.20 An EDX spectrum from the amorphous carbon layer of Coating Type A. 
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EDX was then used on the Cr/C layer as shown in Figure 4.21. There were strong 
chromium peaks in addition to the now relatively weaker carbon peak.  
The shape of the chromium Lα peak at 0.573 indicated the possible presence of an 
oxygen Kα peak at 0.525 but the overlap created difficulty in separating them. The 
oxygen signal could have arisen from the oxidation of the chromium exposed by the 
focused ion beam milling rather than existing in the as-received coating, since pure 
chromium oxidises very readily when exposed to air. To clarify this it would be 
necessary to expose the cross-section of the coating and perform spectroscopy while 
maintaining vacuum to avoid oxidation. 
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Figure 4.21 An EDX spectrum from the Cr/C layer of Coating Type A. 
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Figure 4.22 is an EDX spectrum from the Cr/C transition layer just above the Cr rich 
layer from the EELS spectrum in Figure 4.17. There is now a stronger indication of an 
oxygen Kα peak around 0.525 and the carbon peak has reduced relative to the 
chromium peaks. 
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Figure 4.22 An EDX spectrum from the Cr/C transition layer of Coating Type A. 
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Figure 4.23 An EDX spectrum from the Cr rich layer of Coating Type A. 
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Figure 4.23 is an EDX spectrum of the Cr rich layer in Coating Type A. The chromium 
peaks are much higher relative to the other elemental peaks in the upper carbon 
containing layers.  
The EDX spectrum in Figure 4.24 shows the introduction of the nitrogen peak at 0.392 
as the coating transitions into the CrN baselayer. This nitrogen EDX peak was slightly 
unexpected as the EELS characterisation had a very weak N peak compared to the 
background signal.  
EELS should have been better at picking up the lighter elements relative to EDX but the 
thickness of the sample meant the nitrogen peak was actually clearer with this sample 
thickness. 
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Figure 4.24 An EDX spectrum from the Cr/N transition layer of Coating Type A. 
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The EDX spectrum in Figure 4.25 is from the upper CrN layer. There is now no carbon 
peak and the layer contains a clear nitrogen Kα peak.  
Figure 4.26 is a spectrum in the middle of the CrN layer. The chromium peaks increased 
in intensity with depth in the sample cross-section proportional to the increase in sample 
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Figure 4.25 An EDX spectrum from the upper CrN layer of Coating Type A. 
N 
O 
Cr 
Cr 
Cr 
Figure 4.26 An EDX spectrum from the middle of the CrN layer of Coating Type A. 
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thickness and therefore EDX interaction volume.  
Figure 4.27 is an EDX spectrum from the Cr rich adhesion layer at the bottom of the 
deposited interlayers just above the substrate in Figure 4.28.  
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Figure 4.27 An EDX spectrum from the Cr baselayer of Coating Type A. 
Fe 
Fe 
Cr Cu Fe 
Ni
Ni
MnSi 
Figure 4.28 An EDX spectrum from the substrate of Coating Type A. 
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Figure 4.28 shows the EDX spectrum from the HAS40100 substrate. As expected, the 
alloy peaks present were similar to the composition of the AISI 431 alloy found in 
Table 2.  
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4.3.2 Coating Type A:  7 day autoclave exposure 
The sample of Coating Type A after exposure in the autoclave for 7 days is shown in 
the bright field STEM micrograph in Figure 4.29.  
The corresponding annular dark field image is shown in Figure 4.30. Failure of the 
coating was observed within the Cr/C layer just below the amorphous carbon, as 
previously observed in the SEM imaging. There was also a change in the coating 
Figure 4.29 A STEM BF micrograph of Coating Type A cross-section after the 7 day autoclave test. 
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microstructure surrounding the cracked area when compared with the as-received 
coating.  
Figure 4.31 shows another bright field STEM micrograph of the dendritic structure of 
the degraded cracked Cr/C layer. 
 
 
 
Figure 4.30 A STEM ADF micrograph of Coating Type A cross-section after the 7 day autoclave test. 
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Figure 4.31 A STEM BF micrograph of Coating Type A cross-section after the 7 day autoclave test. 
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Figure 4.32 is the EELS spectrum from the amorphous carbon layer in Coating Type A 
after the 7 day autoclave exposure. The carbon K edge is the only significant peak 
visible in the energy loss spectrum indicating an undoped amorphous carbon film. 
In Figure 4.33 the EELS spectrum from the layer just below the amorphous carbon 
Figure 4.32 An EELS spectrum from the amorphous carbon layer of Coating Type A after the 7 day autoclave 
experiment. 
Figure 4.33 An EELS spectrum from just below the amorphous carbon layer of Coating Type A after the 7 day 
autoclave experiment. 
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contains carbon, chromium and oxygen energy loss peaks. The top of this layer still 
adhered to the amorphous carbon but the addition of a stronger oxygen peak suggested 
some degradation from the as-received state. 
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 Figure 4.34 and Figure 4.35 are EELS spectra from the layers just below the cracked 
area. Similar to the degradation layer above the crack they contained carbon, chromium 
and oxygen energy loss peaks.  
  
Figure 4.34 An EELS spectrum from the degradation layer near the crack in Coating Type A after the 7 day autoclave 
experiment. 
Figure 4.35 An EELS spectrum from the lower degradation layer in Coating Type A after the 7 day autoclave 
experiment. 
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Figure 4.36 is an EELS spectrum from lower in the Cr/C layer and has a composition 
similar to that found in the as-received coating interlayer in Figure 4.14.  
 
Figure 4.36 An EELS spectrum from the upper Cr/C transition layer of Coating Type A after the 7 day autoclave 
experiment. 
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Figure 4.37 An EELS spectrum from the lower Cr/C transition layer of Coating Type A after the 7 day autoclave 
experiment. 
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Figure 4.37 shows an EELS spectrum from just above the Cr rich layer, the carbon peak 
is weaker than the previous spectra as the carbon was graded through the transition 
layer.  
The Cr rich layer in Figure 4.38 is a similar spectrum to the corresponding layer in the 
as-received coating shown in Figure 4.17 which also contained just the chromium 
peaks.  
  
Figure 4.38 An EELS spectrum from the Cr rich layer of Coating Type A after the 7 day autoclave experiment. 
Cr L3, L2-edges 
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Figure 4.39 is an EELS spectrum from the CrN layer in Coating Type A after the 7 day 
autoclave exposure. The nitrogen K edge around 401eV is visible, as well as the 
chromium L edges. 
  
Figure 4.39 An EELS spectrum from the Cr/N transition layer of Coating Type A after the 7 day autoclave experiment. 
Cr L3, L2-edges 
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4.3.3 Coating Type A: 2 year autoclave exposure 
Figure 4.40 shows a cross-sectional bright field STEM micrograph of Coating Type A 
after exposure to high temperature autoclave water for 2 years. As with the 7 day 
autoclave sample the area above the interlayer region is now a cracked where the 
amorphous carbon has clearly spalled away from the Cr containing interlayers and the 
surrounding material has degraded. 
  
Figure 4.40 A STEM BF micrograph of Coating Type A cross-section after 2 year autoclave test. 
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Figure 4.41 shows another cross-sectional micrograph of Coating Type A after the 2 
year exposure to high temperature water in the autoclave system. The STEM 
micrographs show the interlayers below the Cr rich layer in the coating are largely 
unchanged in the as-received and autoclaved samples, while the region just below the 
amorphous carbon had degraded significantly.  
 
  
Figure 4.41 A STEM BF micrograph of Coating Type A cross-section after 2 year autoclave test. 
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Figure 4.42 shows the EELS spectra for the amorphous carbon in Coating Type A after 
the 2 year autoclave test. There is only a carbon K edge in the spectrum with no other 
energy loss peaks. 
Figure 4.43 shows an EELS spectrum in the degradation layer similar to that in the 7 
day exposure in Figure 4.33. Once again there were carbon, chromium and oxygen 
energy loss peaks in the spectrum, with the EELS spectrum indicating the presence of 
chromium oxide [118].  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.42 An EELS spectrum from the amorphous carbon layer of Coating Type A after the 2 year autoclave 
experiment. 
Figure 4.43 An EELS spectrum from the degradation layer of Coating Type A after the 2 year autoclave experiment. 
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Figure 4.44 is an EELS spectrum from the Cr/C transition layer in the coating. There is 
no significant oxygen peak so the spectrum in this interlayer is similar to that of the 
spectrum of the as-received Coating Type A shown in Figure 4.16. 
Also similar to the as-received coating sample is the EELS spectrum in Figure 4.45 of 
the chromium rich interlayer, which contains just the chromium L edges. 
Figure 4.44 An EELS spectrum from the Cr/C transition layer of Coating Type A after the 2 year autoclave experiment. 
Figure 4.45 An EELS spectrum from the Cr rich layer of Coating Type A after the 2 year autoclave experiment. 
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Figure 4.46 is an EELS spectrum from the transition layer into the CrN interlayer. As 
the TEM foil was thicker towards the bottom of the sample and therefore lighter 
elements were harder to detect there was not a clear nitrogen edge visible in the EELS 
spectrum.  
 
  
Figure 4.46 An EELS spectrum from the Cr/N transition layer of Coating Type A after the 2 year autoclave experiment. 
Cr L3, L2-edges 
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4.3.4 Coating Type B: As received  
Figure 4.47 shows the bright field STEM micrograph of the cross-section of as-received 
Coating Type B. The light layer on top is the amorphous carbon layer, followed by a 
Cr/C multilayer, on top of a Cr rich layer. These interlayers were deposited on a CrN 
baselayer on the AISI 304 stainless steel substrate.  
  
Figure 4.47 A STEM BF micrograph of as-received Coating Type B interfacial region. 
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Figure 4.48 shows a STEM Annular Dark Field (ADF) image of the graded multilayer 
structure at the interface with the amorphous carbon layer. Alternating thin layers of 
carbon and chromium provides a smoothly graded transition between the carbon film 
and the chromium rich interlayer below. The darker CrN baselayer at the bottom of the 
micrograph then provides load support and another corrosion barrier before the 
substrate.  
  
Figure 4.48 A STEM ADF micrograph of as-received Coating Type A interfacial region. 
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The EELS spectrum in Figure 4.49 shows the carbon K edge of the amorphous carbon 
film. There is a very weak Cr edge around 574eV however it is difficult to determine 
whether the source is from a low percentage Cr doping of the a-C or from material 
resputtered during FIB milling.  
  
Figure 4.49 An EELS spectrum from the amorphous carbon layer of Coating Type B. 
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Figure 4.50 is the EELS spectrum from the upper region of the Cr/C multilayer. The 
composition of these layers was studied in further detail in Figure 4.54. 
 
 
 
 
 
 
 
 
 
 
Figure 4.50 An EELS spectrum from the upper Cr/C multilayer layer of Coating Type B. 
Figure 4.51 An EELS spectrum from the lower Cr/C multilayer layer of Coating Type B. 
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Figure 4.51 is from the lower Cr/C multilayer and shows the relative changes of the 
carbon and chromium peaks. The reduction in the carbon peak and increase in the Cr 
peaks suggested that the two elements were graded during deposition through the 
transition layers. Figure 4.52 is an EELS spectrum from the Cr rich layer between the 
Cr/C multilayer and the CrN baselayer. There is a weak carbon edge but it is a lot lower 
than in Figure 4.49. 
 
 
 
 
 
 
 
 
 
 
 
 
The upper CrN layer is shown in the EELS spectrum in Figure 4.53. There is a very 
clear nitrogen K edge as well as the previously observed chromium L edges. 
Figure 4.52 An EELS spectrum from the Cr baselayer of Coating Type B. 
Figure 4.53 An EELS spectrum from the upper CrN layer of Coating Type B. 
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Figure 4.54 is a graph of the Z contrast intensity against distance along a spectrum 
image positioned across the Cr/C multilayers. The image contrast of the annular dark 
field STEM micrograph is proportional to the Z number of the elements present, with 
lighter elements appearing lighter. As the EELS spectrum in Figure 4.50 showed only 
the chromium (Z = 24) and carbon (Z = 6) peaks it suggests that the light bands are 
chromium and the darker bands are carbon. The overall intensity also increased with 
depth into the sample as the layers are graded from carbon to chromium. 
 
  
Figure 4.54 A STEM ADF spectrum image of Z contrast intensity in the Cr/C multilayer of Coating Type B. 
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4.3.5 Coating Type C: As received 
Figure 4.55 is a bright field STEM micrograph of the cross-section of the as-received 
Coating Type C. The bottom layer is the stainless steel substrate, on top of which is a Cr 
adhesion layer, followed by a Cr doped amorphous carbon film.  
Figure 4.56 shows a bright field STEM image centred on the chromium adhesion layer. 
Some of the horizontal lines in Figure 4.56 are a result of image noise experienced 
during the operation of the JEOL R005 aberration corrected microscope rather than 
Figure 4.55 A STEM BF micrograph of as-received Coating Type C interfacial region. 
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actual layers in the coating. This made characterisation of the interlayer microstructure 
challenging. 
 
 
  
Figure 4.56 A STEM BF micrograph of as-received Coating Type C interfacial region. 
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Figure 4.57 is an EELS spectrum from the top of the Cr doped amorphous carbon layer 
with the carbon K edge and the chromium L edges. The EELS spectrum from the 
middle of the amorphous carbon coating is shown in Figure 4.58 and the lower EELS 
spectrum from the film is shown in Figure 4.59.  
 
 
Figure 4.57 An EELS spectrum from the upper Cr doped amorphous carbon layer of Coating Type C. 
Figure 4.58 An EELS spectrum from the middle of the Cr doped amorphous carbon layer of Coating Type C. 
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The EELS spectrum from the upper portion of the Cr/C interlayer is shown in Figure 4. 
60. The spectrum showed the chromium L edges and a weak carbon K edge. The EELS 
spectrum for the lower part of the layer in Figure 4.61 is Cr rich with no carbon edge.  
This would suggest that the relative composition is graded through the Cr/C interlayer 
from carbon to chromium.  
Figure 4.59 An EELS spectrum from the lower Cr doped amorphous carbon layer of Coating Type C. 
Figure 4.60 An EELS spectrum from the upper Cr/C layer of Coating Type C. 
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Figure 4.61 An EELS spectrum from the lower Cr/C layer of Coating Type C. 
Figure 4.62 An EELS spectrum from the substrate of Coating Type C. 
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Figure 4.62 shows the EELS spectrum of the substrate of Coating Type C. The 
elemental composition should be that of AISI 304 as shown in Table 2 but only the 
chromium and iron edges were visible in the spectrum as the peak to background noise 
ratio was relatively high.  
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4.4 Summary 
Following the characterisation of the amorphous carbon coating compositions and 
structures it was found that the commercial diamond-like carbon coating was failing 
inside the film just below the amorphous carbon layer, resulting in a C/Cr/O layer which 
increased in thickness with experimental duration. The interlayers below remained the 
same as in the as-received coating which suggests the cause of failure was related to 
some degradation mechanism in the area just below the a-C:H and C/Cr interface.  
Analysis of the as-received graphite-like carbon non-hydrogenated commercial coating 
that survived the autoclave tests revealed a graded C/Cr multilayer transitioning into the 
amorphous carbon with a less sharp interface possibly providing the structure necessary 
to survive the high temperature water tests. The lab deposited graphite-like carbon 
Coating Types C and D also had similarly graded C/Cr and C/Ti interfacial layers 
respectively. 
Chapter 5 will discuss the findings of the experimental procedures in relation to the 
aims and objectives set out at the start of the Engineering Doctorate.  
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Chapter 5: Discussion 
5.1 Introduction 
This chapter discusses the experimental results and their significance to their respective 
project aims and objectives.  
It will first discuss the aim of determining the hydrothermal stability of the coatings in 
high-temperature high pressure water, before discussing the effect of coating 
composition and structure on performance. 
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5.2 Hydrothermal stability of amorphous carbon 
coating properties in high-temperature high-pressure 
water     
The first aim of the project was to assess the hydrothermal stability of selected 
commercial and lab deposited amorphous carbon coatings in high- temperature high-
pressure water conditions to determine how suitable they would be for further 
development in PWR applications. 
The initial objective was to expose the diamond-like and graphite-like amorphous 
carbon coatings to high temperature water in a Parr bomb pressure vessel to quickly 
determine whether the coatings were failing at relatively low temperatures of 240°C and 
exposure periods of 24 hours and 7 days.  
Based on previous longer term studies by Rolls-Royce it was expected that the graphite-
like coating would survive the experiment with little degradation, however the lower 
limits of the spalled diamond-like carbon coating were unknown. 
The results of the exposure for both 24 hours and 7 days showed that there were no 
signs of gross spallation of either coating when examined during optical microscopy.  
This result showed that, at least for temperatures up to 240°C, the diamond-like carbon 
coating had some potential for future investigation in PWR applications and fulfilled the 
objective of determining whether the coating was failing straight away in lower 
temperature water.  It also confirmed the previous result of the Rolls-Royce 
investigations; the graphite-like carbon coating did not spall at these lower water 
temperatures [1]. 
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The next objective was to expose the commercial and lab deposited coatings to high-
temperature high-pressure deionised water at 280°C for 7 days in an autoclave pressure 
vessel. This experiment was to assess the coating performance in the relatively high 
water temperatures to compare with the Parr bomb exposure and previous Rolls-Royce 
autoclave tests. 
The results of the experiments fulfil the objective of determining whether the coatings 
failed at typical pressurised water reactor temperatures. Areas of degradation were also 
identified with the optical microscope for further assessment. The diamond-like carbon 
coating spallation supported the coating failures previously observed by Rolls-Royce 
when exposed in the autoclave but was not quite as extensive as that seen in the 2 year 
test shown in Figure 2.12 [1]. This suggests that the process of spallation would 
continue after the 7 day exposure, rather than degrading to the level seen in Figure 2.10 
immediately after reaching the experimental temperature. This is supported by the SEM 
results where some of the spalled areas had relatively smooth crack surfaces, as in 
Figure 4.6, whereas some cracked areas showed signs of further degradation like the 
micrograph in Figure 4.2. This result suggested that the coating in its current state 
would be unsuitable for pressurised water reactor applications above 280°C, but further 
investigations would be necessary to determine why and how the coating was failing. 
The optical microscopy also determined that the graphite-like commercial and lab-
deposited amorphous carbon coatings survived the exposure without film spallation, 
indicating that they might be suitable for further development.  
Although beyond the scope of this project it is worth mentioning that the water 
chemistry conditions in both the Parr bomb and autoclave experiments also would not 
accurately reflect those found in an operational pressurised water reactor as no additives 
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were used in the deionised water [24]. This might have helped to reduce any corrosion 
of the sample substrates in the vessel, which could have contributed to the 
contamination measured. However, it is unlikely that this would have had a negative 
effect on coating performance as the additives are selected to reduce corrosion therefore 
further experiments would still have been necessary to study the degradation previously 
observed with Coating Type A in the autoclave tests as in Figure 2.10. 
The next objective in the project was to determine whether the coating delamination 
seen with Coating Type A was due to fundamentally poor amorphous carbon layer 
adhesion to the graded interlayer from the deposition process.  All of the coating types 
were examined using scratch adhesion testing to compare their mechanical adhesion 
with typical coating performance. From the literature for similar coating types it was 
expected that Coating Type A would show adhesive failure around 15 to 30N [119] 
[120] and Coating Type B would show loss of adhesion at around 60 N [121].  
During the testing Coating Type A first showed signs of coating adhesion failure at 
around 40N, which was actually higher than expected from the literature data and thus 
poor mechanical adhesion would likely not be the cause of the film spallation observed 
in the autoclave. Indeed later on in the project it was found that the interface between 
the amorphous carbon and the carbon/ chromium layer stayed attached, as seen in 
Figure 4.27, and the observed degradation happened within the layer itself. 
The scratch adhesion tests of the graphite-like carbon commercial coating produced a 
critical load lower than expected but, as previously discussed, the coating maintained 
sufficient adherence during the autoclave testing. Both of the lab-deposited coatings 
also had similar adherence of the carbon top layers to the interlayers and showed that 
the initial adhesion after deposition for all the films was not the cause of the spallation 
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in the autoclave testing. In cases where coating failure was observed to have been 
influenced by corrosion the scratch adhesion tests would not be a useful predictor of 
coating performance as they only measure the mechanical toughness of the interface 
[79]. 
The next step was to use nanoindentation to assess any changes in coating hardness 
before and after exposure to high-temperature high-pressure water as this has previously 
been a good indicator for coating graphitisation which could be linked to degradation 
mechanisms[1].  The results of this objective were a bit mixed due to the large standard 
deviations seen in some of the samples. Coating Type A in particular was difficult to 
analyse due to its roughness and any observed drops in hardness would probably need 
to be further verified using a smoother substrate material [122]. For the partially 
delaminated sample of Coating Type A it was also necessary to indent in areas with no 
delamination so that hardness of the remaining coating was measured, rather than that of 
the exposed substrate or interlayers. This would have perhaps influenced the data to 
reflect the least degraded areas as they were the only sections remaining to be studied.  
The objective of the Raman spectroscopy was to determine the degree of graphitisation 
in the amorphous carbon films in order to compare their performance during the high 
temperature water experiments. The spectra were analysed using the carbon ordering 
trajectory in Figure 2.15 and the schematic diagram of the D and G peaks in Figure 2.16 
to determine changes in coating bonding during hydrothermal exposure. The G peak 
positon was found to be a good indicator of changes in sp
3
 content for the films studied, 
as movement to higher wavenumbers indicated graphitisation of the coatings [104].  
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As the amorphous carbon  Coating Type A started off more ‘diamond-like’, the coating 
had further to graphitise as the sp
3
 bonded carbon ordered to sp
2
 bonding  when exposed 
to elevated temperatures; meanwhile, the commercial graphite-like coating tended to 
remain at similarly low sp
3
 content throughout. The doped lab-deposited coatings were 
a little more complicated to analyse as the metallic dopants increased the clustering of 
the sp
2
 carbon rings in the films [116]. They both saw G peak shifts to higher 
wavelengths when exposed to high-temperature water, but the nature of the clustering of 
chromium and carbon in the film would need to be further analysed by TEM and EELS 
to determine what was happening to the coating nanostructure during the autoclave 
tests. 
The results of the Raman spectroscopy would suggest that coatings with higher sp
2
 
content have better hydrothermal stability compared with those predominantly sp
3
 
bonded. Even if the graphitisation was not in itself the cause of the observed spallation 
this means that smaller changes would be expected in the other coating properties when 
exposed to high-temperature water. This stability would be useful when trying to predict 
their behaviour for tribological applications. 
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5.3 The effect of amorphous carbon coating 
compositions and structures on performance in high-
temperature high-pressure water    
The second aim of the EngD was to characterise the composition and structural features 
of the amorphous carbon coatings to try to understand their varying performance in 
autoclave conditions. Although the first part of the Engineering Doctorate project dealt 
with the hydrothermal stability of the coatings it was not yet clear what the degradation 
mechanism was that was causing the observed spallation of Coating Type A, or where in 
the coating structure it was occurring. It was also not yet apparent what it was about the 
structure and composition of the surviving coating types B, C and D that lent 
themselves to remaining attached while the other coating type delaminated. 
The first objective for this experimental investigation involved determining the cause of 
the spallation seen in Coating Type A during the autoclave testing experiments by 
analysing the FIB cross-section of the degraded coating by SEM and EDX. This 
characterisation was necessary as it was not initially clear from the early experiments 
and investigations in this project whether the delamination was caused by chemical 
corrosion, a mechanical process, or even some combination of the two mechanisms. If 
the cause was obvious from these characterisation techniques it would have not been 
necessary to perform difficult and time-consuming TEM and EELS analysis of the 
samples. 
The coating degradation mechanism in Coating Type A was first observed in the SEM 
micrographs of the FIB cross-sections, as seen in Figure 4.2. They showed an 
182 
 
underlying crack going through a layer in the coating from the edge of the spalled 
amorphous carbon film. The specific composition of the coating interlayer this crack 
was moving through was not immediately clear and it was apparent from the SEM and 
EDX that there were some very thin layers in the coating around this crack, some a few 
nanometres thick.  
The backscattered SEM micrographs in Figures 4.3 and 4.7 showed the Z contrast of the 
elements present, the bright layer below the crack was from the chromium seen in the 
EDX spectroscopy. The EDX of the area around the crack was not sufficient to 
determine the variation in composition of the thin layers as shown in Figure 4.9 as the 
interaction volume of the EDX was too large, especially with elements with low atomic 
numbers [107]. The roughness of the sample would also have affected the EDX results 
in the SEM as the topology of the crack had many uneven features [108]. 
The presence of cracks through the coating with both nodular and relatively smooth 
cracked surfaces would suggest that the formation and degradation of the crack happens 
progressively during the autoclave exposure. There was also some degradation of the 
interlayer material ahead of the open cracked area which could possibly support a 
degradation mechanism where the corrosion was propagating through the material in the 
layer rather than just growing on the surface of an exposed crack.  
Although the scanning electron microscopy provided some very interesting results the 
knowledge gained was not sufficient to complete the objective of determining the cause 
of the coating spallation. Further investigations were planned with the transmission 
electron microscope and electron energy loss spectroscopy to try to progress towards 
the aim of understanding the observed coating behaviour.  
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The STEM characterisation was conducted on Coating Types A, B, and C to try to 
determine the coating compositions and features responsible for each of their respective 
hydrothermal performances. 
The first objective was to use a STEM, EELS and EDX study of Coating Type A to 
look at the as-received coating, the coating after the 7 day autoclave exposure, and the 
previous 2 year autoclave experiment to gain evidence to support possible degradation 
mechanisms. 
The TEM, EELS and EDX of the as-received sample of Coating Type A in Figure 4.10 
showed that the coating consisted of a Cr rich layer deposited onto the substrate, a CrN 
baselayer, transition layers into and out of another Cr rich layer, a layer of graded Cr 
and C, and an undoped amorphous carbon film.  
One possibly proposed for the observed degradation was that the differing coefficients 
of thermal expansion for these coating materials was causing increased stress and 
subsequent delamination of the film when exposed to high-temperature high-pressure 
water in the autoclave. 
It is possible to calculate the changes in stress arising from mismatch between the 
thermal expansion coefficients of the amorphous carbon film and the interlayer 
materials using the equation below [123]: 
𝜎 =
𝐸(𝛼𝑓 − 𝛼𝑠)∆𝑇
(1 − 𝜈)
 
Where σ represents the stress, E relates to the elastic modulus of the film; αf and αs are 
the average coefficients of thermal expansion for the film and the substrate, ΔT is the 
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temperature change between when the coating was deposited and when it was 
measured, and finally ν which is the Poisson's ratio for the film. 
By using typical values from the literature for diamond-like carbon films like Coating 
Type A the elastic modulus of the coating would be around 87 GPa and with a 
Poisson’s ratio of around 0.22 [124], the coefficient of thermal expansion for the film 
would be around 2.0x10
-6
 K
-1
 [125] and 8.2x10
-6
 K
-1
 could be used for the chromium  
interlayer [126]. Typical deposition temperatures for Coating Type A would be below 
250° C,  so when the water was raised to 280° C in the autoclave ∆T becomes 30° C 
[127]. Therefore using these estimated values the stress due to thermal expansion 
coefficient mismatch between the film and interlayer at 280° C would be around 21 
MPa tensile.  
For graphite-like carbon films less data on the elastic modulus and Poisson’s ratio exist 
in the literature. Data values for amorphous carbon coatings with higher sp
2
 content 
were used to estimate the typical stress changes relative to the diamond-like carbon 
coatings. For this calculation the elastic modulus was estimated to be around 40GPa, the 
Poisson’s ratio 0.20 , and the coefficient of thermal expansion 7.0x10-6 K-1 [125]. 
Typical deposition temperatures for similar coatings would be around 300° C [128]. 
Using these values the stress due to thermal expansion coefficient mismatch would be 
around 1.2MPa compressive. 
In addition to these stresses due to thermal coefficient of expansion mismatch there 
would also be residual stresses in the coatings contributing to the total intrinsic stress. 
The internal stresses of DLC films are most commonly determined by measuring the 
curvature of a beam after coating deposition and then evaluating the deflection results 
using the Stoney equation [129].  Differing residual stresses arising from the deposition 
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techniques for each of the coatings could contribute to the behaviour when exposed to 
high temperature water. As previously discussed, Coating Type A would typically be 
deposited at temperatures below 250°C [127], whereas Coating Type B would have a 
typical deposition temperature of around 300°C [128]. The experiment raised the 
environmental temperature above the deposition temperature for Coating Type A but 
was below (or similar to) the temperature at which Coating Type B was deposited. 
Graphitisation of the coatings might help relieve some of the stresses present, but 
increased temperatures have also been shown to reduce the adhesion [130]. 
Evidence in the literature would suggest that these changes in intrinsic film stress with 
temperature alone would not be enough to cause the delamination seen in the 
characterisation recorded in this thesis. Amorphous carbon coatings are sometimes 
annealed post-deposition at temperatures well above the 280°C used in the autoclave to 
help reduce the stress in the film [131]. During previous Rolls-Royce Raman 
spectroscopy investigations there was also no recorded delamination of the amorphous 
carbon coatings when exposed to temperatures up to 600°C by using a heated stage in a 
nitrogen environment [1].  
Due to the smaller differences in temperature between the autoclave and the typical 
deposition temperature, the calculations for stress arising from thermal expansion 
coefficient mismatch would suggest the coatings would actually have less additional 
stress than at room temperature. This would suggest another degradation mechanism 
associated with the exposure to high-temperature high-pressure water was causing the 
delamination observed in Coating Type A.  
Following the microscopy and spectroscopy studies other possible degradation 
mechanisms were proposed. Based on the features observed before and after the 
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autoclave testing, a potential cause of coating failure could have been a stress corrosion 
cracking process similar to that seen in other pressurised water reactor materials in high-
temperature water [132]. As mentioned previously in Sections 1.3.4 and 2.3, although 
materials used in the pressurised water reactor environment are often selected for their 
corrosion resistance, the stress corrosion cracking degradation mechanism is still a 
significant concern to the integrity of plant materials [87].  
It was observed that Coating Type A remained largely unchanged below the Cr/C 
transition layer, although there was significant material degradation and volume change 
around the cracked area. The alterations in the appearance of the coating and the 
presence of oxygen in the EELS spectra strongly suggests that corrosion of the 
interlayer just below the amorphous carbon and carbon/chromium interlayer was 
involved in the delamination of the coating in the autoclave. In the sample exposed to 
the autoclave for 7 days failure of the coating was observed occurring just below the 
interface between the Cr/ C transition layer and the amorphous carbon functional layer 
above, with the degradation area just around the crack composed of chromium, carbon, 
and oxygen. The sample of Coating Type A that was exposed for 2 years in the CAPCIS 
autoclave as described in Section 2.4.2 showed further signs of degradation compared to 
the 7 day exposure as the volume of the layer containing carbon, chromium, and oxygen 
had increased below the amorphous carbon film. 
A conduit through the amorphous carbon to the underlying chromium containing 
interlayer would have been necessary in order to initiate the degradation mechanism in 
these affected regions. Observations that support the possibility of this happening would 
be the defects or pinholes seen in the optical and scanning electron microscopy in 
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Sections 2.2 and 4.2. These defects could have acted as pathways through the relatively 
inert amorphous carbon down to the metal containing interlayers below [133]. 
Rather than the corrosion occurring between grains in a polycrystalline material, as 
observed in chromium containing alloys in high- temperature water [134], the 
degradation process could instead be occurring in the area just below the amorphous 
carbon, similar to the thin interlayer observed by Hauert et al.  [79] in their study 
discussed earlier in the thesis of diamond-like carbon coating adhesion for in vivo 
biomedical applications.  
In high-temperature water experiments performed by Moss et al. [135] intergranular 
stress corrosion cracking of chromium containing alloys was observed to occur due to 
the diffusion of chromium towards the grain boundaries, as shown in Figure 5.1. Grain 
boundary diffusion of chromium was caused by the ongoing formation of chromium 
Figure 5.1 SEM of FIB cross-section showing intergranular cracking of Alloy 690 in water at 360°C [135]. 
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oxide spinels in high temperature water, starting at the exposed surface of the material 
and then progressing preferentially along the grain boundaries [136]. The increased 
chromium oxide formation at the grain boundary was observed to act as a precursor to 
intergranular stress corrosion cracking in the material due depletion of ductile 
chromium being replaced by more brittle chromium oxide [137]. In this particular 
experiment the stress corrosion cracking was influenced by a strain applied to the 
specimens and the presence of NiO from the alloying material, however it has also been 
shown that the stress field induced between the newly formed chromium oxide 
corrosion product film and chromium depleted area can cause stress corrosion cracking 
at the grain boundary without this applied load [138]. 
It is possible that a similar degradation mechanism occurred in Coating Type A during 
the autoclave exposures. Defect pathways through the amorphous carbon film seen in 
the SEM could have acted as initiation sites for oxidation on the surface of the exposed 
chromium containing layer, which then penetrated the interlayer with plentiful 
chromium just below the amorphous carbon, similar to an intergranular attack [135]. 
The stress field induced between the corrosion product film and the amorphous carbon 
film could have then resulted in stress corrosion cracking moving through the observed 
degradation layer as seen in the micrographs in sections 4.2 and 4.3 of this thesis. As the 
crack progressed the surface energy of adhesion at this interface could release causing 
delamination of the stressed amorphous carbon film and further oxidation of the 
chromium as detected by the oxygen in the interlayer during EELS analysis in Section 
4.3. To further support this degradation mechanism the SEM analysis in Figure 4.4 
shows an area of the coating ahead of the crack tip that appears to have been degraded 
compared to the as-received coating, which could indicate oxidation and chromium 
depletion by diffusion, similar to that observed in Figure 5.1. 
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Another degradation mechanism that affects PWR materials in high-temperature water 
is hydrogen embrittlement [139]. It is also possible that the hydrogen in the a-C:H films 
could have diffused into the interlayer below the amorphous carbon during the 
autoclave exposure and caused hydrogen embrittlement contributing to the cohesive 
cracking seen in the layers of the film, which would not have been an issue with the 
hydrogen free amorphous carbon coatings. Further investigations into the movement of 
hydrogen in the coating before and after the autoclave experiments would be necessary 
to confirm whether or not hydrogen embrittlement exacerbated the spallation of the 
coating.  
The other objectives of the STEM characterisation involved examining the as-received 
samples of Coating Types B and C to determine the coating features that provided the 
necessary performance to survive the autoclave conditions without film spallation.  
The characterisation of Coating Type B showed the coating consisted of a CrN 
baselayer, on top of which was the typical commercial coating of a chromium adhesion 
layer, a graded Cr/C multilayer, and an undoped, relatively defect-free, amorphous 
carbon coating. Analysis of the multilayer structure showed that there were alternating 
chromium and carbon layers that increased in carbon content towards the amorphous 
carbon film. This structure would allow a smoother stress gradient across the interlayers 
to reduce adhesive failure of the coating and also reduce the concentration of chromium 
near the interface between the functional amorphous carbon and the interlayers for 
stress corrosion cracking to occur through defects in the film.  
STEM and EELS of Coating Type C determined that the coating had a chromium-rich 
adhesion layer, on top of which was deposited a graded Cr/C layer, followed by a Cr 
doped amorphous carbon film. These graded interlayers should have allowed the 
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coating to maintain adherence during the autoclave exposure; however, there was 
evidence of property changes in the optical microscopy (and of hardness reductions 
during nanoindentation) that were not yet examined in depth experimentally. In order to 
fully complete this project objective further investigation into the lab-deposited coatings 
would be necessary to properly understand the effect of changing doping and interlayer 
materials. 
The commercial coating deposition processes for attaching the amorphous carbon film 
to the interlayers may have had an effect on performance in autoclave conditions. Thin 
layers caused by switching between the deposition steps have the potential to cause 
complete failure of the coating if they are poorly bonded or cause localised structural or 
electrochemical mismatch between the two surfaces [79].  
It is possible that the corrosion occurred in Coating Type A but was not observed in the 
other coatings, or at lower temperatures, as the stress arising from thermal expansion 
coefficient mismatch was tensile at 280°C the available pathways to the interlayers was 
increased, whereas the other coatings would tend to have compressive internal stress, 
closing possible gaps in the film. This could be explored further by performing 
corrosion investigations like the salt spray test to determine the porosity and corrosion 
resistance of the films [140]. 
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5.4 Summary 
This chapter discussed the results of the experimental procedures and how well the 
objectives were met, in order to fulfil the project aims. 
The hydrothermal stability of the coatings was examined and the knowledge gained 
showed that the hydrogen-containing diamond-like hydrogen containing coating 
properties changed more and suffered partial delamination at higher temperatures 
whereas the more graphitic, hydrogen-free amorphous carbon coatings tended to stay 
mostly unchanged. There were some uncertainties with the experimental methods 
causing difficulty interpreting the data, but as discussed they would probably be 
resolved with further similar tests to refine and confirm the results obtained. 
Significant progress was also made towards understanding how the composition and 
structure of the coatings affected their performance under hydrothermal degradation 
conditions. The combination of microscopy and spectroscopy results allowed various 
degradation mechanisms to be proposed and investigated for Coating Type A and they 
were backed up by supporting evidence from experiments and the literature. 
Suggestions were also made relating to the coating features that were responsible for the 
good performance exhibited by the other amorphous carbon coatings in the autoclave. 
Further work would be necessary to fully confirm different hypotheses and also to 
properly explore the effect of changing the metallic doping elements and interlayer 
structures with the lab-deposited coatings.  
The final chapter in this thesis will conclude the investigations covered during the 
course of this Engineering Doctorate and also suggest avenues for further work to 
explore and consolidate knowledge and ideas proposed during the discussion chapter.   
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Chapter 6: Conclusions and further work 
6.1 Conclusions 
The overall aims of this Engineering Doctorate were to investigate the thermal stability 
of the amorphous carbon coatings when exposed to high-temperate high-pressure water 
and then to understand how the composition and features of the coatings affected their 
performance. It was anticipated that this would help Rolls-Royce to extend their 
knowledge of the suitability of amorphous carbon coatings in the desired application of 
pressurised water reactors. The conclusions of the project are listed below: 
- Investigations into the hydrothermal stability of the coatings at the relatively low 
temperature of 240 °C showed that neither of the coating types exhibited any 
signs of significant degradation, and therefore might be of interest for future 
development in low temperature PWR systems. 
 
- During the higher temperature autoclave experiments the commercial diamond-
like hydrogen containing amorphous carbon Coating Type A had significant 
amorphous carbon film spallation whereas the commercial graphite-like 
amorphous carbon Coating Type B showed no delamination. The lab-deposited 
Cr and Ti doped amorphous carbon Coating Types C and D also showed no sign 
of film delamination. The results showed that favourable features from Coating 
Type B could also be used to deposit coatings that remained thermally stable in 
high-temperature high-pressure water, even when the interlayer material was 
changed from chromium to titanium. 
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- Raman spectroscopy and nanoindentation showed that the coatings that started 
out more diamond-like exhibited greater levels of graphitisation compared with 
the graphite-like carbon coating which mostly stayed the same. This shows that 
for tribological applications the graphite-like carbon coatings would probably 
have more stable material properties when exposed to high-temperature high-
pressure water.  
 
- Scratch adhesion testing in conjunction with estimated calculations of the stress 
arising from thermal coefficient of expansion mismatch were used to confirm 
the coatings had sufficient mechanical adhesion to the interlayer, which they 
did; suggesting the cause of the delamination in Coating Type A was at least 
partially influenced by corrosion instead. 
 
- Investigations into the effect of composition and architecture in the hydrogen-
free graphite-like coatings showed that coatings with smoothly graded interfaces 
between the chromium/ titanium containing multilayers and the defect free 
graphitic amorphous carbon displayed good hydrothermal stability performance 
at temperatures around 280°C. 
 
- Degradation methods were proposed based on the observations of cracks 
propagating through a layer in Coating Type A just below the interface with the 
carbon. Stress corrosion cracking was discussed as a potential cause based on 
the results of the microscopy and spectroscopy investigations, however it was 
suggested that further work would be useful to confirm the influence of other 
possible processes like hydrogen embrittlement. 
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In summary, during this project there has been a lot of progress made towards the aims 
set out by Rolls-Royce at the start of the Engineering Doctorate. The knowledge gained 
about the stability of the amorphous carbon coatings in high-temperature high-pressure 
water has shown that all the coatings studied have potential for further development at 
the relatively low water temperatures, however graphite-like carbon coatings with 
smoothly graded interfaces tend to retain their properties better at the higher autoclave 
temperatures without delaminating. 
The EngD also provided a greater understanding of why the coatings studied did or did 
not work well, with discussions of potential degradation mechanisms based on the 
microscopy and spectroscopy results; as well identifying common features that provide 
the graphite-like carbon coatings with good adhesion and stability. There few areas in 
which further work could expand and improve on the knowledge gained towards the 
project aims as discussed in the next section, however there is now a much better 
understanding of the degradation mechanism observed in the commercial diamond-like 
carbon coating and also the promising features and compositions that can used to 
develop amorphous carbon coatings for PWR applications.  
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6.2 Further work 
Although there was significant knowledge gained during this study, there are a number 
of unresolved questions that should be explored with further experimentation. 
- The project aim to better understand the hydrothermal stability of the coatings 
could be explored further by determining at which stage in the hydrothermal 
cycle the a-C:H coating fails; whether it fails straight away when it reaches a 
certain temperature or whether it fails after a longer exposure at the maximum 
testing temperature. Use of a windowed autoclave could help to determine the 
effect of the water heating rate on delamination. From the previous tests the 
coating starts to delaminate at some point in the 7 day exposure but it could 
potentially start to fail almost straight away during the process of heating up in 
the autoclave.  
 
- Improvements on the progress of other objectives could involve the use of 
autoclave experiments using a high temperature autoclave with a window in 
combination with Raman spectroscopy to monitor the rate of graphitisation of 
the coating during the heating process throughout the experiment. An autoclave 
with a sliding wear tester built into the vessel construction could be also be used 
to conduct tribological tests to determine wear and friction performance of the 
coatings in the high-temperature high-pressure water environment, rather than 
ambient conditions [141]. 
 
- It would be useful for the project aim of understanding the effect of composition 
and coating structure on hydrothermal performance to perform some additional 
196 
 
STEM analysis of Coating Types B, C, and D after the 7 day autoclave tests, 
which would confirm whether there was any degradation in the interlayers, even 
though no coating delamination was observed in the optical microscopy.  
 
- An experiment to further investigate the effect of coating composition and 
structure on hydrothermal performance could involve depositing various 
amorphous carbon films with different carbide forming interlayer materials like 
niobium, zirconium, or molybdenum to explore their effect on coating adhesion. 
These materials are already used in the PWR environment and might better 
control the thermal stresses related to the specific application compared with the 
Cr coatings often used commercially in the automotive industry. By keeping the 
amorphous carbon film the same and systematically changing the interlayer 
materials, it would be possible to directly compare the effect of the interlayer 
while keeping the rest of the coating structure the same. This could help Rolls-
Royce to develop a bespoke amorphous carbon-based coating system, tailored 
specifically to the PWR environment, rather than using existing commercial 
coatings. 
 
- In order to gain a better understanding of the observed degradation mechanism, 
techniques like electroconductivity analysis of the coatings by impedance 
spectroscopy or salt spray testing could be used to determine further information 
about their corrosion behaviour [142]. More STEM studies of samples 
autoclaved for shorter periods at the higher temperature could also reveal how 
the cracks are initiated and grow in the layer below the amorphous carbon film 
before significant spallation occurs. 
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- Later experiments at higher technology readiness levels could include autoclave 
tests with the chemical additives used in the PWR environment e.g. lithium 
hydroxide and boric acid, the effect of water flow on the localised corrosion, or 
the effect of irradiation on the coating properties, as it would also be interesting 
to determine what effect the actual reactor conditions have on the coating 
performance.  
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